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ABSTRACT 
 
In neurons, SNAREs mediate membrane fusion between synaptic vesicles and plasma 
membranes to transfer neurotransmitters under regulation of other synaptic proteins in the 
synapse. It has previously been thought that there are distinct stages in membrane fusion events. 
First of all, synaptic vesicles are docked to the plasma membrane and trans-SNAREpin 
complexes are formed between two membranes while complete membrane fusion such as pore 
opening is prevented until the arrival of sufficient regulations. At the proper time, SNARE 
complexes form fully-extended cis-conformations, then consequently mix membranes into a 
continuous bilayer and open a pore for the neurotransmitter release.  
In a normal synapse, the fusion event mediated by SNAREs must be regulated in timely 
fashion. Synaptotagmin-1 (syt1) is a Ca2+ sensor in the synaptic vesicle characterized by an N-
terminal transmembrane domain, a flexible liner, and tandem C2 domains, C2AB, at the C-
terminus. Syt1 and Ca
2+
 influx are well-known regulators for the docking of synaptic vesicles to 
the plasma membrane and also consequent fusion pore opening, although the specific mechanism 
is still unclear. SNARE-controlled membrane fusion events also depend on Sec1/Munc18 (SM) 
proteins. Munc18-1 is known to strongly bind to the closed syntaxin-1a conformation and 
Munc13 may play a role in the structural transition of syntaxin-1a to facilitate the formation of 
the t-SNARE complex. Complexin1 (cpx1) is a small protein containing four distinct functional 
regions. It binds to SNARE complexes and assists syt1 by simultaneously activating and 
clamping the core fusion machinery. 
vii 
 
In the current work described here, we have established a new platform of trans-
SNAREpin study tool using nanodiscs. SNARE-incorporated nanodiscs are able to trap trans-
conformation of SNAREpin without further full fusion processes. Single-molecule fluorescence 
resonance energy transfer (smFRET) based on the total internal reflection microscopy (TIR) and 
electron paramagnetic resonance (EPR) were recruited to investigate structural information about 
trans-SNAREpin trapped in nanodiscs and SNARE-mediated fusogenic efficiencies in the 
presence of synaptic regulatory proteins. We first confirmed the presence of multiple 
conformations of trans-SNAREpin complex based on the new platform. We were then able to 
observe the role of each synaptic regulatory protein, such as Munc18-1 and cpx1, in the presence 
of syt1 during SNARE complex assembly and membrane fusion processes. Our results suggest 
that syt1 plays an overall role of regulation in SNARE-mediated synaptic vesicle fusion, 
including docking, membrane mixing, and fusion pore opening, while the other regulators 
Munc18-1 and cpx1 may also serve specific functions during this process. Munc18-1 was able to 
accelerate the complete SNAREpin formation and SNARE-mediated lipid mixing only in the 
absence of syt1, while cpx1 maintained the same function independent of syt1. Furthermore, 
content-mixing assays confirmed cpx1 N-terminal region acted as an active assistant for syt1 in 
Ca
2+
 triggered fusion pore-opening while Munc18-1 did not affect the result.  
Considering the evolutionary-conserved function of SM proteins as activators in 
intracellular membrane fusion controlled by SNAREs and the experimental results in this work, 
it appears that lately-evolved membrane fusion systems such as synaptic exocytosis might fire 
Munc18-1 and recruit new controllers, syt1 and cpx1, to perform temporal and spatial regulation 
of sophisticated signal transmission.  
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CHAPTER 1: GENERAL INTRODUCTION 
 
1.1 Membrane fusion and exocytosis 
Membrane fusion is one life’s most fundamental processes and is performed by merging 
two separated lipid membranes into a single continuous bilayer
1
. Although this universal reaction 
can vary in contact space and time by species and also organelles, all fusion events demonstrate 
similar underlying stages such as membrane contact, fusion between proximal leaflets, and 
opening a pore (Fig. 1)
2
. Membrane fusion events can also be categorized into three major types: 
1) Extra- and intracellular fusion of pathogens with host cells. 2) Extracellular fusion of 
eukaryotic cells. 3) Intracellular fusion of organelles. Exocytosis is one type of intracellular 
fusion and is actuated either spontaneously or by specialized signals to transfer contents from 
one site to another. More specifically, in neurons the fusion process between synaptic vesicles 
and pre-synaptic plasma membranes is triggered by calcium ions (Ca
2+
) that exert 
neurotransmitter release following signal transmission
3,4
. These membrane-fusion events are 
mainly mediated by dynamic supramolecular assemblies involving conserved protein families.   
 
1.2 SNAREs 
SNARE (soluble N-ethyl-maleimide-sensitive factor attachment protein receptor) 
proteins are a large protein superfamily including tens of members occurring in yeast and 
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mammalian cells and identified as interacting proteins with SNAP (soluble N-ethyl-maleimide-
sensitive factor attachment protein) and NSF (N-ethyl-maleimide-sensitive factor) 
simultaneously
5-9
. SNAREs can be divided into two main categories: v-SNAREs localized in 
cargo-containing vesicles, and t-SNAREs in the target membrane compartment. In presynaptic 
membranes, VAMP-2 (v-SNARE), also called synaptobrevin-2, is anchored to the synaptic 
vesicle via its C-terminal transmembrane domain
10,11
. Presynaptic plasma membranes, at the 
other site, harbor syntaxin-1a through its C-terminal transmembrane domain and also SNAP-25, 
are fundamentally attached to the membrane by palmitoylation of cysteine residues and bound to 
syntaxin-1a to form the binary complex (t-SNARE)
12,13
. All SNAREs contain a stretch of about 
60-70 amino acid residues, called a motif domain, consisting of highly conserved ~8 heptad 
repeats
14,15
. The hydrophobic-coiled coil interface within the four helical bundle contains 16 
layers contributed by the direct contact of a and d residue positions of each SNARE motif (Fig. 
2)
16
. Throughout the SNARE superfamily, amino acid residues at the 0
th
 layer are highly 
conservative as arginine (R) in VAMP-2 and glutamine (Q) in syntaxin-1a or SNAP-25
17,18
. The 
SNARE motif and transmembrane domains in both VAMP-2 and syntaxin-1a are connected by 
~10 amino acid linker regions. Additionally, syntaxin-1a contains an independently-folded 
helical domain known as the Habc domain at the N-terminus. The three-helical-bundle shape of 
the Habc domain folds back to the SNARE motif domain of syntaxin-1a to form a non-active 
closed conformation
19,20
. Presynaptic regulatory proteins such as Munc13/Munc18-1 have been 
proposed to interact and activate the dead-end syntaxin-1a (Fig. 3)
21,22
. A single SNARE motif 
contributed by VAMP-2 and syntaxin-1a, respectively, and two motifs from SNAP-25 
spontaneously form a four helical coiled coil complex in solution generating the parallel cis-
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SNAREpin conformation (Fig. 4)
18,23
. The complex conformation has been proposed as being 
initiated at the N-termini of SNARE motifs and zipped towards membrane-proximal C-termini
24-
27
. The primary role of SNAREs is to mediate membrane fusion as the minimal fusogenic 
machinery during an exocytosis process
28,29
. The repulsion of membranes at the contact site is 
believed to be overcome by the energy force occurring when SNAREs form stable helical 
bundles through their hydrophobic-favored interaction
1,30
. However, it is strongly believed that 
the SNARE complex has an intermediate conformation, a so-called trans-SNAREpin, in which 
two opposite transmembrane domains are anchored into an apposed membrane while N-terminal 
regions are zipped
31-33
.  
 
1.3 SNARE-mediated neuroexocytosis 
In neuroexocytosis, synaptic vesicles are brought to and fused with the presynaptic 
plasma membrane to release neurotransmitters
34
. The initiation of SNARE complex formation at 
the N-termini creates a docked synaptic-vesicle pool on the plasma membrane. Further SNARE 
complex formation, maintaining trans-conformation, brings two membranes into proximity and 
merges only the outer leaflet of each membrane constituting a hemifusion state (Fig. 5). At this 
point, the presynaptic region is filled with docked or partially fused synaptic vesicles that are 
ready to synchronously transfer signals (readily releasable pool (RRP)) upon arrival or by 
specific triggering such as a Ca
2+
 influx. Hemifused membranes resemble the partial SNARE 
complex in which N-termini are stably zipped, while C-termini of transmembrane domains are 
still anchored onto opposing membranes. It is widely accepted that there are cooperative 
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regulatory molecules in synapses to control membrane contact, hemifusion, and final pore 
opening (Fig. 6).  
 
1.4 Regulation of neurotransmitter release 
As minimal machinery for membrane fusion, SNAREs do not have a self-regulatory 
process for controlling full complex formation and membrane fusion. In physiology, however, 
SNARE-mediated neuroexocytosis must be regulated to precisely release the signal. Although 
conventional in vitro studies show that SNAREs require more than just minutes of time to 
complete lipid mixing events, neurotransmitter release occurs within about 2 ms. Besides the 
minimal fusogenic machinery, other regulatory molecules must be involved to orchestrate 
timely-conducted signal transmission. 
 
1.4.1 Synaptotagmin-1 
Synaptotagmin-1 (syt1) is anchored to the synaptic vesicle via its single transmembrane 
domain at the N-terminus and senses the Ca
2+
 influx with tandem C2A and C2B domains at the 
C-terminus, which is connected through its flexible linker region (Fig. 7)
35-39
. The loop region of 
both C2A and C2B domains (C2AB), especially in aspartate amino acids, are responsible for 
Ca
2+
 binding
40
. The Ca
2+
 incorporating C2AB domain is capable of interaction with negatively-
charged phospholipids such as phosphatidylserine (PS) or phosphatidylinositol 4, 5-bisphophate 
(PIP2) in the plasma membrane
41
. Based on recent studies, the specific interaction between syt1 
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and PIP2 facilitates the membrane fusion process, possibly contributing to t-SNARE clustering or 
membrane curvature formation
42-44
. Also, a asymmetric lipid composition study indicates that 
vesicular protein syt1 favorably interacts with the plasma membrane to exert its regulatory role 
in SNARE-mediated membrane fusion events
45
.  
As a regulatory protein for the synaptic fusion, syt1 is also known to bind to the SNARE 
complex or the binary complex directly, and it is believed that these interactions lead to 
controlled fusion occurrence mediated by SNAREs
40,43,44
. Considering the zipping of the 
SNARE complex from the N- to the C-terminus direction and the binding ability of syt1 to C-
terminal SNARE complex in the presence of Ca2+, syt1 seems to fasten SNARE complex 
formation and result in accelerated membrane fusion
46-48
. 
 
1.4.2 Sec1/Munc18-1 (SM) protein family 
All SM proteins are ~60 kDa and expressed in the cytosol of eukaryotic cells as in yeast 
or vertebrates. In neurons, three SM proteins including Munc18-1, -2, and -3, have been 
identified as interacting at the plasma membrane
49-52
. Munc18-1 is considered to be a required 
component in the process of membrane fusion and exocytosis since the deletion of Munc18-1 
abolishes vesicle exocytosis
53,54
. It has been asserted that Munc18-1 is able to bind its cognate 
trans-SNAREpin and accelerate SNARE-mediated membrane fusion and probably to speed up 
SNARE-zipping fusion (Fig. 8a)
21,55-57
. The other documented property of Munc18-1 is to 
stabilize a ‘closed’ syntaxin-1a by capping the four helical bundles of syntaxin-1a contributed by 
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folding back N-terminal Habc and SNARE motif domains (Fig. 8b)
58-61
. It has been proposed 
that the specific interaction between Munc18-1 and syntaxin-1a leads to the isolation of 
syntaxin-1a from the binary complex with SNAP-25, thereby preventing the initiation of a 
SNARE-mediated fusion event
21
. However, the acceleratory role of Munc18-1 for a fusion 
process is widely supported by in vitro vesicle fusion experiments and it is conserved in SM 
proteins throughout species
58,62
. One could note that the previously-reported enhancement of 
fusion by Munc18-1 was observed in the absence of syt1, which senses the Ca
2+
 to cause 
membrane fusion and pore opening, so it must be involved in experiments to determine the role 
of Munc18-1 in the evolved neuron system
53
.  
 
1.4.3 Complexin-1 
A family of evolutionarily-conserved ubiquitous proteins called complexin (cpx), 
enriched in neurons and competing with a-SNAP for binding to the SNARE complex, have been 
identified in species, suggesting a role in regulating SNARE function during membrane 
fusion
63,64
. Also, cpx-deficient neurons produce a phenocopy of syt1-deficient neurons with a 
suppression of fast synchronous exocytosis upon the arrival of a Ca
2+
 influx, supporting the idea 
that cpx functions as a syt1-dependent regulator of SNARE-mediated fusion
65
. To date, four 
isoforms of cpx have been identified (cpx1, 2, 3, and 4)
66
. Cpx1 and 2, ~85% identical in amino 
acid sequence, are cytosolic proteins in synapses, while cpx3 and4 are expressed at 
comparatively low levels in neurons. Henceforth, cpx1 will be discussed as a regulatory protein 
for the SNARE function in membrane fusion. The established model for the role of cpx1 is to 
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prime the synaptic vesicle to the plasma membrane as an activator and clamp the spontaneous 
release
67-74
. Cpx1 is a SNARE-specific binding protein (134 amino acid residues) containing two 
short α helices flanked by flexible N- and C-termini (Fig. 9)75. The distinct domains of cpx1 
have been studied and proposed as exhibiting individual roles. The central more C-terminal α 
helix directly binds to the groove between VAMP-2 and syntaxin-1a in the SNARE complex or 
the binary complex of sytnaxin-1a and SNAP-25
70,76
. The N-terminal α helix is believed to 
compete with VAMP-2 for the binding site at the binary complex, and it therefore inhibits the 
fusion process mediated by SNAREs
77
. The N-terminal flexible domain activates a fusion step, 
especially for synchronous release but not for the clamp role
69,70
. The opposite C-terminal 
flexible domain is known to be related to priming and clamping roles but not for Ca
2+
 triggered 
release
73
. All distinct domains of cpx1 are required to provide sequential roles such as clamping, 
priming, and Ca
2+
 triggered release
34
. The clamping and activating role of cpx1 for fusion events 
is thought to be performed under cooperation with syt1 even though the mechanism is not well 
understood.  
 
1.5 Investigation apparatus 
1.5.1 Nanodisc as a model membrane: reconstitution of a single membrane protein 
High-density lipoproteins (HDL) are protein-lipid particles that collect cholesterol, fatty 
acids, and lipids in the blood stream as spherical shapes and transport them to the liver for 
degradation (Fig. 10)
78
. Apolipoprotein A-1 (apoA-1) is the primary protein that scaffolds the 
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HDL structure by surrounding the lipid surface. The apo A-1 protein is the soluble protein and 
contains ~200 amino acid residues and consists of amphipathic α helices. The S. Sligar group 
generated discoidal bilayer lipids supported by purified apo A-1 proteins to produce 
homogenously-sized (~10 nm of the diameter) nanodiscs (Fig. 11)
79
. The application of 
nanodiscs is to incorporated proteins that contain transmembrane domain(s) used to investigate 
the biological function of proteins in their native membrane environment
80-82
. Throughout the 
study of this dissertation, the nanodisc is recruited to reconstitute single SNARE proteins, 
VAMP-2, and syntaxin-1a to generate partially-assembled trans-SNAREpin in the presence of 
the native lipid molecules. 
 
1.5.2 Site-directed spin labeling (SDSL) and electron paramagnetic resonance (EPR) 
EPR spectroscopy, also called electron spin resonance (ESR) spectroscopy, measures the 
interaction of electron spins with a magnetic field. The energy difference (   ) between the high 
and low energy states of the electron spin is given by 
          
Where h is Planck’s constant (6.626 x 10-34 J second), v is the frequency of the electromagnetic 
radiation,  g is the splitting factor,   is the Bohr magneton, and B is the strength of the external 
magnetic field
83
. The first-derivative spectra of EPR absorbance is recorded at constant 
microwave frequency and spectra peaks are split as a result of hyperfine interaction between  the 
electron spin and the nearby nuclei (the number of the peaks = 2I +1, where I is the nuclear spin, 
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Fig. 12)
84
. One of the most useful applications of EPR is the measurement of the dynamic 
mobility of molecules like proteins, especially in membranes
85
. In SDSL, protein residues are 
replaced by cysteine and then labeled by the spin molecule one at a time, eventually mapping the 
entire area of interest
86,87
. The reagent of most widespread use is methanethiosulfonate, spin 
label (MTSSL), which is covalently labeled to the cysteine residue via disulfide bonding (Fig. 
13)
88
.  
In this dissertation, EPR was recruited to determine the local structure of the VAMP-2 
protein when it formed partially-zipped trans-SNAREpin with the binary complex between two 
nanodiscs. The sharpness of the first-derivative EPR spectra from the individual residues 
harboring the spin label reflected the local structure stability. 
 
1.5.3 Single molecular fluorescence (Förster) resonance energy transfer (smFRET) 
FRET is a mechanism of energy transfer between two light-sensitive molecules serving 
as a donor and acceptor, respectively, and able to perform analysis of structure, dynamics, and 
interactions of biomolecules
89-91
. The FRET efficiency (E) is a function of the distance between 
donor and acceptor (R) , as shown in the equation 
   
 
   
 
  
  
 
where R0 (the Förster radius) is the distance for which E equals 0.5. Consequently, FRET is 
extremely sensitive to a change of distance between fluorophore-labeled molecules, and can 
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therefore be used as a spectroscopic ruler
92
. FRET paired-molecules can be applied to a single 
molecule level (smFRET), combining with surface immobilized total internal reflection 
fluorescence microscopy (TIR)
93,94
. In a TIR setup, a totally-reflected specific laser source 
generates an evanescent field that excites the parallel area from the surface up to a distance of 
approximately 200 nm (Fig. 14). This specific field abolishes the noise and background signal to 
allow detection of single fluorophore-labeled biomolecules
95
. Another use of smFRET is to 
observe the real-time dynamics of fluorophore-labeled molecules. In the case of two interacting 
molecules at fluctuating distances, smFRET is able to measure kinetics based on donor and 
acceptor signals, as well as FRET values (Fig. 15)
47,96
. 
Throughout this dissertation, smFRET provided information about assembled SNAREpin 
structure between fluorophore-labeled trans-SNAREpin or lipid-mixing events between 
fluorophore-labeled vesicles based on FRET assays. Additionally, content-mixing assays 
harboring single fluorophore-containing vesicles were determined using a TIR setup. 
  
11 
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1.7 Figures and Legends 
 
Figure 1) General process of lipid bilayer fusion event. 
(a) Two opposite membranes are brought into close proximity where electrostatic 
repulsions need to be overcome by external force (i.e. fusion proteins). (b) The boundary 
between the hydrophilic and hydrophobic portion of the bilayer is destabilized and the non-
bilayer intermediate is formed between two membranes. (c) The formation of aqueous pore 
results in the formation of continuous bilayers.  
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Figure 2) Coiled coil SNARE complex formation. 
(a) Organization of conserved SNARE complex. C alpha traces (grey), local helical axes 
(blue, red and green for VAMP-2, syntaxin-1a and SNAP-25, respectively), the superhelical axis 
(black), and layers (+8 to -7, C- to N-terminal direction) are shown. (b) Helical wheel 
representation of the SNARE complex contributed by VAMP-2, syntaxin-1a and SNAP-25 
colored by yellow, green and red/blue, respecitvely. View is from the N-terminus and repeated 
heptad positions are labled a through g. (c) A structural model of SNARE complex. 
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Figure 3) A model of syntaxin-1a activation for SNARE-mediated membrane fusion by 
Munc13/Munc18-1. 
In the upper right panel, syntaxin-1a (yellow) is shown in a closed conformation bound to 
Munc18-1 and an open conformation bound to SNAP-25 (green). Inactivated closed syntaxin-1a-
Munc18-1 heterodimer (upper left) turns into activated open conformation by the joining of 
Munc13 (lower left). By the triggering signal such as Ca2+, SNAREs finishes membrane fusion 
event (lower right). 
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Figure 4) SNARE domains and fully extended helical complex structure. 
(a) Colorized domains of each SNARE protein. Syntaxin-1a and VAMP-2 contain single 
SNARE motif (red and blue) and transmembrane domain (yellow), connected by linker region 
(grey), while SNAP-25 contributes two SNARE motif domains (green). (b) Ribbon structure of 
the fully assembled SNARE complex including linkers and transmembrane domains. 
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Figure ) 5 Intermediate states in membrane fusion process. 
(a) Two apposed membranes are in a close contact when fusion event is initiated. (b,c, 
and e) Destabilization of membrane surface in contact results in the merging of the proximal 
monolayers, which is often referred to as stalks or hemifusion state. (d and f) A transition from 
trans-bilayer to isotropic, micellar-like phase results in a pore formation and continuous bilayers. 
  
24 
 
 
 
 
Figure 6) SNARE-mediated neuroexocytosis. 
(a) The synaptic vesicle is docked to the plasma membrane by the trans-SNARE complex 
formation between VAMP-2 and the binary complex of syntaxin-1a and SNAP-25 regulated by 
SM proteins (Munc13 and Mucn18-1). (b) Once SNAREs are partially assembled, cpx1 binds to 
further increase their priming. (c) The fusion pore opening is occurred by Ca2+ binding to syt1, 
which causes an interaction of syt1 with SNAREs and phospholipids. (d) After fusion pore 
opening, the resulting cis-SNARE complexes are disassembled by the NSF/SNAP ATPases and 
vesicles are recycled. 
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Figure 7) Structure of Ca
2+
 sensing synaptic vesicle protein, synaptotagmin 1 (syt1). 
Domain structure of syt1, the C2A and C2B domains were rendered from references 
(Shao X, et al., 1998, Biochemistry and Fernandex I. et al., 2001, Neuron) using PyMOL. The 
remaining protein segments such as transmembrane domain (TMD) and linker region were added. 
Critical residues for Phospholipid membrane and SNARE complex binding are shown as 
K326/K327 in C2B and R233 in C2A / K366 in C2B, respectively. Ca
2+
 ions are depicted as red 
spheres. 
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Figure 8) Munc18-1 as a synaptic regulatory protein. 
(a) Model for the interactions of Munc18-1 with synaptic SNARE proteins. The left panel 
indicates the binding of Munc18-1 to the closed conformation of syntaxin-1a that may prevent 
the proceeding of SNARE-mediated membrane fusion. The right diagram displays the binding of 
Munc18-1 to the assembled SNARE complex during the fusion reaction, which may prevent 
diffusion of SNARE complexes into the membrane. (b) The crystal structure of the Munc18-1-
syntaxin-1a complex. Munc18-1 domains 1, 2, and 3 are defined as described (Misura et al., 
2000, Nature) and colored blue, green, and yellow, respectively. The SNARE motif domain of 
syntaxin-1a is colored purple, and the N-terminal Habc domain is colored red.  
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Figure 9) Complexin 1 (cpx1) as a SNARE binding synaptic regulatory protein. 
(a) Distinct cpx1 domains are colored blue, yellow, pink, and grey for N-terminus, 
accessory α helix, central α helix, and C-terminus. (b) Cartoon of the 3D structure of cpx1-
SNARE complex (Chen X. et al., 2002, Neuron). The central α helix domain of cpx1 lies along 
the interface between VAMP-2 and syntaxin-1a making numerous antiparallel contacts with both. 
The accessory α helix continues away from the helical bundle toward the membrane even it lacks 
contacts with SNARE proteins. 
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Figure 10) The discoidal nanodisc formation in reverse cholesterol transport (RCT) 
pathway. 
Lipid-free apo A-1 secreted by the liver binds to serum phospholipids to form nascent 
discoidal HDL particles, which interact with ATP-binding cassette transporter A1 (ABCA1). 
Cholesterol is esterified to cholesterol esters by LCAT to form mature spheroidal HDL particles. 
This cholesterol is subsequently taken up by the liver and excreted into the bile after conversion 
to bile acid. 
 
 
29 
 
 
 
 
Figure 11) Illustrations of nanodisc structures. 
Nanodiscs composed of apo A-1 and phospholipid are shown in side (left) and top view 
(right). The two apo A-1 proteins are colored orange and blue. 
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Figure 12) Zeeman and hyperfine splitting for a nitroxide spin label (MTSSL). 
In the presence of an external magnetic field (B), the energy levels of the unpaired 
electron spin split (Zeeman interaction) and the energy difference (  ) increases with increasing 
B field according to the resonance condition given in the text. With the hyperfine interaction 
between electron spin and nitrogen nucleus (I=1), the two energy levels are split further into 
three transitions.  
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Figure 13) Generation of the disulfide-linked nitroxide side chain R1. 
The methanethiosulfonate spin label (MTSSL) is reacted with cysteine residue on the 
target protein to label nitroxide spin specifically.  
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Figure 14) The principle of total internal reflection fluorescence microscopy (TIR) setup. 
(a) A beam of external light source is directed through a prism of high refractive index, 
which abuts a lower refractive index medium of glass or aqueous solution. If the light directs into 
the prism at higher than the critical angle, the beam will be totally internally reflected at the 
interface. (b) The reflection develops an evanescent wave at the interface by the generation of an 
electromagnetic field that permeates ~200 nanometers into the lower refractive index space. The 
light in this field is sufficiently strong enough to excite the fluorophores within shallow depth, 
which results in extremely low-level background noise intensity. 
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Figure 15) smFRET description. 
(a) FRET efficiency, E, as a function of inter-dye distance (R). Donor dye excited directly 
by incident laser either emits or transfer energy to acceptor dye depending upon its proximity. (b) 
A exemplary traces of donor/acceptor intensities (green/red, top) and calculated FRET efficiency 
(bottom).  
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CHAPTER 2: MULTIPLE CONFORMATIONS OF A SINGLE 
SNAREPIN BETWEEN TWO NANODISC MEMBRANES 
REVEAL DIVERSE PRE-FUSION STATES 
A paper published in Biochemical Journal, 2014, vol 459: 95-102 
Jaeil Shin, Xiaochu Lou, Dae-Hyuk Kweon, and Yeon-Kyun Shin 
 
2.1 Abstract 
SNAREpins must be formed between two membranes to allow vesicle fusion, a required 
process for neurotransmitter release. Although its post-fusion structure has been well 
characterized pre-fusion conformations have been elusive. We used single molecule FRET and 
EPR to investigate the SNAREpin assembled between two nanodisc membranes. The SNAREpin 
shows at least three distinct dynamic states, which might represent pre-fusion intermediates. 
While the N-terminal half above the conserved ionic layer maintains a robust helical bundle 
structure the membrane-proximal C-terminal half shows either high FRET representing a helical 
bundle (45%), low FRET reflecting a frayed conformation (39%), or mid FRET revealing an yet 
unidentified structure (16%).  It is generally thought that SNAREpins are trapped at a partially 
zipped conformation in the pre-fusion state, and complete SNARE assembly happens 
concomitantly with membrane fusion. However, our results show that the complete SNARE 
complex can be formed without membrane fusion, which suggests that the complete SNAREpin 
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formation could precede membrane fusion, providing an ideal access to the fusion regulators 
such as complexins and synaptotagmin-1.   
 
2.2 Introduction 
Neurotransmitter release at the synapse requires fusion of neurotransmitter-laden vesicles 
with presynaptic plasma membrane. Synaptic membrane fusion is mediated by the soluble N-
ethylmaleimide sensitive factor attachment protein receptor (SNARE) complex
1-3
. To allow 
membrane fusion to happen target membrane (t-) SNAREs syntaxin-1a and SNAP-25 interact 
with vesicle membrane (v-) SNARE synaptobrevin-2 (or VAMP-2) to form the trans-SNARE 
complex or SNAREpin that bridges two membranes. Cognate SNARE motifs, which are 
conserved heptad-repeat sequences of 60-70 residues, mediate SNAREpin formation. 
Structural studies have shown that SNAREs tend to spontaneously assemble into a 
parallel four stranded coiled coil. However, SNARE structures were determined with isolated 
SNARE motifs
4-7
 or in a cis state without the repulsion force between two apposed membranes
8
. 
It is thus unclear whether the four stranded coiled coil represents a pre-fusion state or simply a 
post-fusion state. A biochemical analysis
9
 as well as studies with mechanical tweezers
10,11
 raised 
the possibility of a partially zipped state in which membrane-distal N-terminal region is 
assembled while the membrane-proximal C-terminal region is frayed. It is however unknown 
how many intermediate states exist and what their conformational details are. 
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In this work, we employed a nano-sized membrane called nanodisc
12-14
 and reconstituted 
a single SNARE complex between two separate nanodiscs. The investigation of the dye-labeled 
SNARE complex with single molecule (sm) FRET and site-directed spin labeling EPR reveal 
that there are three distinct conformational states for VAMP-2; (1) a C-terminal-frayed state, (2) 
a fully assembled state, and (3) a structurally uncharacterized state that appears to be in between 
the two two major states.  Furthermore, EPR shows that the structural break occurs around the 
ionic layer.      
 
2.3 Results 
2.3.1 Reconstitution of the SNAREpin into two nanodiscs. 
To investigate the structure and the dynamics of the SNAREpin using smFRET and EPR, 
we reconstituted VAMP-2 into a population of nanodiscs (v-discs) and the 1:1 binary complex of 
syntaxin-1a and SNAP-25 into a separate population of nanodiscs (t-discs) using a standard 
assembly method
15
. Briefly, all components required for the reconstitution, phospholipids, 
SNAREs, and the belt-forming apoA1 protein were dissolved in the 50 mM sodium cholate 
solution.  The rapid removal of the detergent by Bio-Beads SM-2 prompted self-assembly of 
proteonanodiscs (Fig. 1a). Assembled nanodiscs were purified using gel-filtration 
chromatography and the size and the shape were examined with transmission electron 
microscopy (TEM) (Fig. 1b). We also confirmed, using photobleaching, that most nanodiscs 
carry a single SNARE protein (Fig. S3).   
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For the spectroscopic investigation of the SNAREpin the nanodisc structure is desired to 
be sufficiently robust to hold off the fusion activity of the SNARE complex. When t- and v-discs 
were mixed we observed no significant lipid mixing (Fig. 1c), indicating that nanodiscs maintain 
the structural integrity despite SNARE complex formation. There is however the possibility that 
the lipid flow is restricted while the two bilayers are connected as it is the case with ‘restricted 
hemifusion’16. In contrast, lipid mixing occurred when v-discs were mixed with t-SNARE 
reconstituted liposomes, consistent with previously reported results
13
. 
 
2.3.2 The t- and v-SNAREs assemble into a parallel configuration between two nanodiscs, 
some with the frayed C-terminal end. 
For smFRET we prepared an N-terminal FRET pair VAMP-2 Q33C and syntaxin-1a 
I203C labeled with Cy3 and Cy5, respectively. We also prepared a C-terminal FRET pair, Cy3-
labeled VAMP-2 A72C and Cy5-labeled syntaxin-1a V241C (Fig. 2a). We immobilized the t-
disc using the biotin lipid-to-streptavidin conjugation on the polyethylene glycol-coated quartz 
surface in a flow cell (Fig. 2b). The v-disc solution was flown in to the flow cell to allow 
SNAREpin formation between two nanodiscs. To promote efficient SNARE complex formation 
we used the recombinant peptide derived from the C-terminal region of VAMP-2 (aa. 49-96), 
which is known to make the binary complex more compatible for VAMP-2
17
.  
When the SNAREpin with the N-terminal FRET pair I203C/Q33C (NN) was examined 
with total internal reflection (TIR) we found a single major FRET distribution picked at FRET 
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efficiency E∼0.8. Meanwhile, when the SNAREpin with the C-terminal FRET pair 
V241C/A72C (CC) was examined we observed two distinct major FRET distributions, one 
centered at E∼0.8 (45.4±6.0%), the other near E∼0.1 (38.9±4.5%), and one minor distribution at 
E∼0.45 (15.7±4.8%).  However, when the out-of-register FRET pair I203C/A72C or 
V241/Q33C (NC or CN) was examined we detected mostly low FRET and the distributions were 
centered at E∼0.1 or 0.35 with little population at high FRET. Together, the results show that v- 
and t-SNAREs assemble into a parallel configuration and the antiparallel orientation is 
negligible
18,19
. 
Given that the SNAREpin is all parallel, it is interesting that the NN pair has mostly the 
high FRET population (E∼0.8), while the CC pair has the two major states at high (E~0.8) and 
low FRET (E∼0.1). Thus, the results imply that the CC pairs have one ordered and the other 
disordered and dynamic states (Fig. 2c). Although minor (16%) the distinct population centered 
at E∼0.45 is interesting. This state appears to be neither fully extended nor fully structured, 
which might indicate a possible new intermediate state.  
 
2.3.3 EPR confirms that both the fully assembled four-helix bundle and the half-zipped 
complex represent trans-SNAREpin conformations. 
To further characterize the structure of the SNAREpin with EPR, we prepared eleven 
single cysteine mutants of VAMP-2 around the conserved central ionic layer (Fig. S4a), labeled 
them with a nitroxide spin label MTSSL (S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl) 
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methyl methanesulfonothioate spin label), and reconstituted them into nanodiscs (S-v-nanodiscs). 
Proteonanodiscs carrying the unlabeled binary complex (t-nanodiscs) contain 6X His-tagged 
apoA1 and it was used to pull down the partner S-v-nanodisc to purify the spin labeled trans-
SNAREpins (Fig. 3a). The fusion activity of spin-labeled VAMP-2 was analyzed by the in vitro 
proteoliposome lipid mixing assay and we confirmed that all spin labeled VAMP-2 maintains the 
wild-type fusion activity (Fig. S4b).  
Each S-v-nanodisc sample generated a narrow EPR spectrum reflecting unstructured 
conformation of VAMP-2 prior to complex formation with t-nanodisc
20
 (Fig. 3b, uncomplexed). 
Meanwhile, when the cis complex, which was prepared by premixing spin-labeled VAMP-2 with 
t-SNAREs, was reconstituted into nanodiscs, EPR spectra showed significant line-broadening 
due to formation of a stable four-helix bundle (Fig. 3b, cis). 
EPR spectra of spin labeled trans-SNAREpins showed broad line shapes for all N-
terminal positions before the conserved ionic layer (residue R56).  However, the EPR spectra for 
all C-terminal positions beyond the ionic layer exhibited two spectral components, one broad and 
the other sharp (Fig. 3b, trans). The broad spectral components may represent a well-structured 
coiled coil while the sharp components reflect the unstructured and freely moving conformation 
of VAMP-2. 
A spectral decomposition analysis
21,22
 was used to separate two spectral components (Fig. 
3b, decomposition) and the ratio of two spectral components was calculated. The ratio of 
unstructured component was low in the N-terminal region but reaches ∼30% for C-terminal 
positions after position 58. The transition from the structured to unstructured conformation 
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happens between residues 50 and 54 (Fig. 3c). Therefore, our EPR results show that for trans-
SNAREpin the N-terminal half of VAMP-2 above the conserved ionic layer is a well-structured 
coiled coil while the C-terminal half after the ionic layer is either fully structured (70%) or 
unstructured (30%), qualitatively consistent with the results from smFRET. We note that 
smFRET showed 39% the unstructured population, which was somewhat higher than the EPR 
estimate. 
 
2.3.4 The real-time analysis of single SNAREpins reveals a subpopulation with highly 
fluctuating dynamics. 
Both snapshot smFRET and static EPR analysis revealed three distinct conformational 
states of trans-SNAREpins; a fully assembled helix bundle, the half-zipped SNARE complex, 
and a structurally unknown mid FRET state. Next, we investigated the real-time dynamics of 
single FRET pairs to identify yet unidentified or transient dynamic substates. For NN FRET 
pairs, as expected, we observed stable high FRET time traces with little fluctuation (Fig. 4a). 
The high stability of the FRET time traces indicates that the N-terminal region of the trans-
SNARE complex maintains a robust helical bundle.  
In contrast, the analysis of single CC FRET pairs reveals a few different dynamic facets; 
(1) time traces maintaining stable high FRET (E~0.8, 40.3%, Fig. 4b), (2) those maintaining 
stable low FRET (E~0.1, 39.7%, Fig. 4c), (3) those making transition between high and low 
FRET (3.4%, Fig. 4d), (4) those maintaining stable mid FRET (E~0.45, 14.5%, Fig. 4e), and 
41 
 
finally, (5) traces fluctuating between multiple FRET states (2.1%, Fig. 4f). Stable high FRET 
may correspond to a fully assembled helical bundle while stable low FRET may represent fully 
unstructured conformation. Fluctuating traces may reflect the equilibrium conformational change 
between multiple states.  Stable mid FRET traces are consistent with the structural intermediate 
state, which can transition to either the high or the low FRET state (Fig. S5). Thus, the real time 
analysis of smFRET pair confirmed the three conformational states identified with the static 
smFRET analysis without adding further intermediate state and revealed equilibrium fluctuations 
between three conformational states for some of them.  
 
2.4 Discussion 
For SNAREpins trapped between two nanodiscs we identified two major conformational 
states and one minor state; a fully-assembled helical bundle (45%), a half-zipped complex in 
which the C-terminal half of VAMP-2 is frayed as a random coil (39%), and a structurally 
unknown mid FRET state (16%). EPR revealed that for VAMP-2, the structural transition from a 
α-helix to a random coil occurs right near the conserved ionic layer located at residue R56. It is 
likely that t-SNAREs syntaxin-1a and SNAP-25 maintains a complete three-stranded coiled coil 
in the half zipped complex
10,11
.  
The real-time analysis of smFRET showed that the two major conformational states are 
mostly very stable with few transitions between the two within our experimental time window (2 
min). The analysis however revealed a small subset of SNAREpins for which relatively fast 
transitions between multiple FRET states are allowed. How is it possible that a small subset 
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exhibits fast fluctuations despite the majority do not? To understand such different dynamic 
behaviors we must take into account the distance between two nanodiscs holding the SNAREpin, 
which sets the geometric constraints to the SNARE conformation. At sufficiently large distances 
between t- and v-nanodiscs the random coil conformation would be preferred for the C-terminal 
half of VAMP-2 and rezipping might not be allowed. For closely apposed nanodiscs, however, a 
fully assembled SNARE core would be energetically stable. We speculate that the fluctuation 
between two conformations is allowed only in a narrow window of reasonable inter-membrane 
distances. 
Based on the experimental results, we propose a three-state model for trans-SNAREpins 
in the inter-membrane gap (Fig. 5). The N-terminal half above the ionic layer maintains a robust 
parallel four stranded coiled coil for all intermediates. The C-terminal half below the ionic layer, 
however, may have three different states: First, the C-terminal half of VAMP-2 is unstructured in 
a large inter-membrane gap (Fig. 5a). Second, it is structurally immobilized as it was indicated in 
EPR spectra but not fully assembled to the four helix bundle yet (Fig. 5b). We speculate that the 
structure might be some kind of the out-of-register coiled coil that has been observed in other 
coiled coils
23
. Third, it remains as a fully assembled coiled coil between a closely apposed two 
membranes (Fig. 5c). With EPR we found that about 30% of SNAREpins hold the fully 
unstructured conformation while smFRET shows 39% are unstructured. The discrepancy might 
arise from the differences in nanodisc concentrations in two experiments. While we used only a 
100 pmole range in sm FRET we used tens of mM for EPR that would create a clouded 
environment for nanodiscs, which in turn might force the inter-membrane gap between two 
nanodiscs to decrease.   
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The fact that the fully assembled coiled coil is the major conformation of the SNAREpin 
is surprising because it is generally thought that the four-stranded coiled coil is the ‘post-fusion’ 
conformation and in the ‘pre-fusion’ state it might have a partially assembled structure like one 
shown in Fig. 5a. In a Ca
2+
-triggered exocytosis we expect that the fusion machinery enters into 
the ‘primed state’ that is ready to fuse upon the rise of Ca2+ signal24. Therefore, we wonder if the 
fully assembled coiled coil represents the true primed state. The major Ca
2+
-sensor 
synaptotagmin-1 then interacts with the juxtramembrane region and/or the membrane to mediate 
membrane fusion
25
. We speculate that a priming agent such as complexin might play a role in 
holding the SNAREpins in the fully assembled coiled coil, instead of a partially assembled 
state
26-28
. 
In summary, we characterized the structure and the dynamics of SNAREpin sandwiched 
between two nanodisc using smFRET and EPR. We found that while the N-terminal half 
maintains a robust coiled coil structure the C-terminal half have multiple dynamics states 
including the fully zipped, the half zipped, the partially zipped, and fluctuating states. 
 
2.5 Materials and Methods 
2.5.1 Protein expression, purification, and fluorophore- or spin-labeling. 
All recombinant proteins were expressed in Escherichia coli BL21 (DE3) grown in LB 
medium at 37 °C to an A600 of 0.7. The protein expression was induced with 0.2 mM isopropyl-
β-D-thiogalactopyranoside (IPTG). Cells were then grown for another 5 hours at 25 °C for 
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soluble proteins, SNAP-25 and apoA1 or 16 hours at 16 °C for proteins with the transmembrane 
domain, syntaxin-1a and VAMP-2, respectively.  Pellets were resuspended in phosphate buffered 
saline (PBS) or PBS with 0.3% triton (PBST) with the protease inhibitor, 4-(2-Ainoethyl) 
benzenesulfonyl fluoride hydrochloride (AEBSF) and additional dithiothreitol (DTT) for single 
cysteine mutants of syntaxin-1a or VAMP-2. Cells were lysed by sonication, after which lysates 
were centrifuged at 13,000 rpm for 30 min at 4 °C to remove insoluble fractions. Supernatants 
containing glutathione S-transferase (GST)-fused recombinant proteins, syntaxin-1a, SNAP-25, 
and VAMP-2 were then incubated with glutathione sepharose beads (GE healthcare) while 6X 
His-tagged SNAP-25 and apoA1 were incubated with Ni-NTA agarose beads (Qiagen) for 1 
hour at 4 °C. After washing with PBS or PBST, GST-fusion proteins were eluted with thrombin 
(0.02 unit/μl, Sigma) in PBS or PBS with 0.8% octyl β-D-glucopyranoside (PBS-OG) for 
membrane proteins and 6X His-tagged proteins were eluted with 200 mM imidazole (Sigma) in 
PBS. The elution buffer for single cysteine mutant proteins contained 2 mM DTT. For pull down 
of the trans-SNAREpin sandwiched between two nanodiscs, His-tag-free apoA1 was obtained 
with thrombin cleavage of His-tag (Fig. S1). For the smFRET study of the trans-SNAREpin, 
single cysteine mutants of syntaxin-1a (I203C or V241C) and VAMP-2 (Q33C or A72C) were 
desalted with PD 10 column (GE healthcare) to eliminate free DTT in solution, then incubated 
with 10x molar excess of maleimide-derivative fluorophore, Cy5 or Cy3, respectively for 
overnight at 4 °C. Unreacted free fluorescence labels were removed by the PD 10 column and 
the labeling efficiency of each SNARE protein was measured with spectrophotometry 
(Beckman). Extinction coefficients of Cy5 (250 000 M
-1
 cm
-1
 at 650 nm) and Cy3 (150 000 M
-1
 
cm
-1
 at 552 nm) were used to calculate the concentration of the fluorophore. The detergent 
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compatible Lowry assay (DC assay, Bio Rad) was recruited to determine the concentration of 
SNAREs. The labeling efficiency for each protein was 46% and 40% for syntaxin-1a I203C and 
V241C and 55% and 62% for VAMP2-2 Q33C and A72C, respectively. For spin labeling with 
MTSSL (Enzo Life Sciences) of VAMP-2 cysteine mutants, 10x molar excess of MTSSL was 
added to GST-VAMP-2 cysteine mutants on glutathione sepharose beads right after rapid 
washing with DTT free PBST before overnight incubation at 4 °C. Free MTSSL was washed out 
before eluting spin-labeled VAMP-2 with thrombin. 
 
2.5.2 Reconstitution and purification of SNARE-incorporated nanodiscs. 
To generate homogeneously-sized nanodiscs, phospholipid mixtures of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine 
(DOPS) (Avanti Polar Lipids) with the molar ratio of 85:15 were dried and then resuspended in 
T150 buffer (10 mM Tris-HCl, 150 mM NaCl, pH 7.4), which included 50 mM sodium cholate. 
The SNARE protein and apoA1 protein were then added. The molar ratio for 
lipids:SNARE:apoA1 was 160:0.5:2. The self-assembly of SNARE-incorporated nanodiscs was 
initiated by a rapid removal of sodium cholate by treating the sample with SM-2 Bio-Beads. The 
t-SNARE or VAMP-2 incorporated nanodiscs were then purified through gel-filtration using 
Superdex
TM
200 GL 10/30 column (Amersham Biosciences) (Fig. S2) 
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2.5.3 Lipid mixing between v-discs and either t-discs or t-liposomes. 
To determine whether v-discs fuse with either t-discs or t-liposomes, 1.5 molar % of each 
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE) 
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) 
(rhodamine-PE) (Avanti Polar Lipids) were included in v-discs. Both t-discs and t-liposomes 
were prepared with unlabeled phospholipids to dilute NBD-PE and rhodamine-PE when fusion 
occurred. The molar ratios of lipid:SNARE for nanodiscs and t-liposomes were 160:0.5 and 
200:1, respectively. The v-discs were then mixed with 9x lipid molar excess of either t-discs or t-
liposomes at 37 °C in a fusion buffer (10 mM HEPES, 100 mM KCl, pH 7.4). The reaction 
solution contained total 0.5 mM lipids. The NBD fluorescence intensity was measured at 
excitation and emission wavelengths of 465 and 530 nm, respectively with a fluorescence 
spectrophotometer (Cary Eclipse model, Varian). The maximum fluorescence intensity was 
obtained by adding 0.1% reduced Triton X-100 (Sigma). 
 
2.5.4 FRET measurements of trans-SNARE complex with TIR. 
To immobilize Cy5-labeled t-discs on the biotinylated PEG-coated quartz surface for 
smFRET, 0.5% of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-biotinyl (biotinyl-PE, 
Laysan Bio Inc.) was included into the phospholipid mixture for t-disc assembly. The quartz 
slide was assembled into a flow chamber and then covered with 0.2 mg/ml streptavidin. t-discs 
(100~200 nM) were flown into the chamber and incubated with the 2 uM 49-96 peptide derived 
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from VAMP-2. 5x molar excess of Cy3-labeled v-discs were then added and incubated for 25 
min to allow SNAREpin formation between two nanodiscs afterward. All TIR experiments were 
performed at room temperature (~25 °C) in the presence of oxygen scavenger system (0.4 % 
(w/v) glucose (Sigma), 4 mM Trolox (Calbiochem), 1 mg/ml glucose oxidase (Sigma), 0.04 
mg/ml catalase (Calbiochem)) in T150 buffer. smFRET measurements were carried out on a 
prism type TIR setup, which is based on inverted microscope (Eclipse Ti, Nikon) with the 100 
ms or 200ms time resolution. Each Cy3 and Cy5 fluorescence signal from the chamber were 
collected by a water immersion lens (PlanApo VC 60x, Nikon) and separated by a dichroic 
mirror (T660lpxr, chroma), which had a threshold at 635 nm wavelength. Two separated signals 
were then transferred to separated images on an electron multiplying charged-coupled device 
camera (iXon3 DU897D, Andor Technology) as donor and acceptor signals, respectively. FRET 
efficiencies (E) were obtained by 
  
  
(     )
 
where FA and FD are the acceptor and donor fluorescence intensities. 
 
2.5.5 Purification and measurement of spin labeled trans-SNARE complex in EPR 
spectroscopy. 
We used the pull down method to purify spin labeled trans-SNAREpin in between 
nanodiscs. Spin-labeled VAMP-2 was incorporated into the His-tag-free v-nanodisc and the 
unlabeled t-SNARE was incorporated into the 6X His-tagged t-nanodisc, respectively. The t-
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nanodiscs were attached to Ni-NTA sepharose beads and equal molar quantities of S-v-nanodiscs 
were then added and incubated for overnight at 4 °C to form spin labeled trans-SNAREpin.  
After washing out of unbound free S-v-nanodiscs spin labeled trans-SNAREpins were eluted 
from the beads by imidazole. To obtain spin labeled cis–SNARE complex in the nanodisc, the 
mixture of syntaxin-1a, 6X His-tagged SNAP-25, and spin-labeled VAMP-2 were incubated 
with molar ratio of 1:2:1. Unbound syntaxin-1a and spin-labeled VAMP-2 were washed out 
using the Ni-NTA column and the complex was then incorporated into the nanodisc. Each spin-
labeled VAMP-2 was reconstituted into nanodiscs for the EPR measurement. EPR spectra were 
collected in the first-derivative mode with 1 mW microwave power using the Bruker ESP 300 
spectrometer equipped with a loop-gap resonator. The modulation amplitude was set at no 
greater than one-fourth of the line width. All EPR measurements were performed at room 
temperature. 
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2.7 Figures and Legends  
 
Figure 1) Preparation of SNARE-incorporated proteonanodisc.  
(a) Self-assembly of SNARE-incorporated nanodiscs. By rapid removal of sodium 
cholate (orange) from the mixture of the SNARE protein (blue/yellow), phospholipids (grey), 
and apoA1 (green) resulted in assembly of the proteonanodisc carrying the SNARE protein. (b) 
Purification of proteonanodiscs. SNARE-incorporated proteonanodiscs were collected from the 
earlier part of the elution volume (blue dashed square) than empty-nanodiscs (red spectrum) 
through the gel-filtration column and characterized by transmission electron microscopy 
(bottom). (c) Lipid mixing assays. v-nanodiscs containing NBD and rhodamine were mixed with 
unlabeled either t-liposomes (black trace) or t-nanodiscs (red trace).  
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Figure 2) Distributions of the FRET efficiency at the N- and C-terminal regions of trans-
SNAREpin. 
(a) Fluorescent dye-labeled positions on VAMP-2 and syntaxin-1a, respectively. Q33C or 
A72C of VAMP-2 (blue ribbon) were labeled with Cy3 (light red saw-tooth circle) while I203C 
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or V241 of syntaxin-1a (red ribbon) were labeled with Cy5 (light blue saw-tooth circle). The α-
carbon-to-α-carbon distance between two cysteine residues were indicated. The flexible linker 
region (gray) and transmembrane domain (yellow) are also included in the structure. (b) TIR 
setup for the FRET detection on the SNAREpin sandwiched between two nanodiscs. t-nanodisc 
carrying Cy5-labeled syntaxin-1a  was immobilized on the quartz surface through biotin (dark 
red square) -streptavidin (purple, cross shape) conjugation and allowed to interact with v-
nanodisc carrying Cy3-laveled VAMP-2. (c) Distributions of the FRET efficiencies for the NN, 
CC, and out-of-register NC and CN FRET pairs. The Gaussian fitting lines also are included 
(black line). 
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Figure 3) EPR analysis of spin labeled trans-SNAREpins. 
(a) Purification of nitroxide-labeled trans-SNAREpins sandwiched between two 
nanodiscs using pull-down method with imidazole elution (top). TEM images of sandwiched 
nanodiscs mediated by trans-SNAREpins (bottom, yellow dashed circle). (b) The first derivative 
EPR spectra of each eleven spin-labeled VAMP-2 in specific conformations. S-v-nanodisc only 
(uncomplexed), pre-assembled cis-SNAREpin in nanodisc (cis), purified spin labeled trans-
SNAREpin in nanodiscs (trans), and complexed fraction in trans-SNAREpin resulted from 
spectral decomposition (decomposition, red). (c) Unstructured fraction of each eleven VAMP-2 
in cis-SNAREpin (black closed circle and line) and trans- (red closed circle and line) 
conformation with the breaking point at right near the ionic layer.  
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Figure 4) Real time traces of FRET in trans-SNARE complex conformation. 
All traces for donor and acceptor signals under donor-exciting 532 nm laser source, 
unless otherwise indicated, were in the top panel and the calculated FRET traces are in the 
bottom panel. (a) The NN FRET pair (Q33Cy3 of VAMP-2 and I203Cy5 of syntaxin-1a) in 
trans-SNAREpin shows stable high FRET (blue open circle and line) followed by acceptor 
photobleaching (red open circle and line) and the recovery of the donor fluorescence (green open 
circle and line). The CC FRET pair (A72Cy3 of VAMP-2 and V241Cy5) show 5 different time 
traces; b) stable high FRET, c) stable low FRET and co-localized two fluorophores were 
confirmed by switching laser sources between acceptor-exciting 635 nm (red rectangle) and 
donor-exciting 532 nm (green rectangle), d) transition between high and low, E) stable mid 
FRET, and F) relatively fast fluctuation between multiple FRET states. 
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Figure 5) A proposed model of multiple conformations for the SNAREpin. 
When a synaptic vesicle with VAMP-2 (blue) is recruited into the t-SNARE complex of 
SNAP-25 (green) and syntaxin-1a (red) on the presynaptic plasma membranes, docking is 
initiated by the N-terminal half interaction between VAMP-2 (blue, rod shape) and t-SNAREs 
while C-terminal half of VAMP-2 (blue line) is remained as unbound (a). As the vesicle gets 
closer to the membrane within a certain distance, the C-terminal VAMP-2 forms hypothetical 
intermediate structure (distorted blue line) (b). Afterwards, in close enough contact between two 
membranes, SNARE proteins form fully assembled four-helical bundle structure and wait for the 
action of synaptotagmin-1 and Ca
2+ 
for Ca
2+
-triggered vesicle fusion (c). 
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2.8 Supporting Information  
Content: Supplementary Figure and Legends S1-S5  
 
Figure S1) A Construct of apoA1 protein. 
The expressed apoA1 construct includes 6X-His tag (light blue) at the N-terminus 
followed by thrombin cleavage site (orange), and membrane scaffolding apoA1 protein (green).  
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Figure S2) Confirmation of v- or t-nanodisc assembly. 
Separately assembled v-, t-, and empty-nanodiscs were purified by the Superdex 200 
10/300 GL column. Either v- (blue trace) or t-discs (green trace) came earlier than empty-discs 
(red trace) or apoA1 protein (black trace). Purified v- and t-discs were then further analyzed by 
SDS-PAGE (inset) to confirm the incorporation of SNAREs in nanodiscs. 
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Figure S3) Distribution of the number of SNARE proteins embedded in a single nanodisc 
obtained from counting photobleaching steps. 
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(a and b) Cy3-labeled VAMP2 (Q33C or A72C) v-discs or (c and d) Cy5-labeled 
syntaxin-1a (I203C or V241C) t-discs were immobilized on the PEG-coated quartz surface in 
T150 buffer. Direct excitation of each fluorophore with 532 nm or 635 nm laser resulted in 
single or multiple steps of photobleaching (top). Population was plotted versus the number of 
photobleaching steps (bottom). 
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Figure S4) Lipid mixing activities of spin-labeled VAMP-2 mutants. 
(a) Each residue of the single cysteine mutation in VAMP-2 is presented (yellow stick) in 
cis-SNARE complex structure. Interface residues of VAMP-2 for coiled-coil formation were not 
selected to minimize the effect of spin labeling. For clarity, all cysteine mutants are indicated in a 
single VAMP-2 (blue ribbon) while syntaxin-1a (red) and SNAP-25 (green) are pictured as 
cartoon helices. (b) Each spin-labeled or wild-type VAMP-2 was reconstituted into NBD- and 
rhodamine- containing liposomes (v-liposomes), whereas t-SNARE was reconstituted into 
unlabeled liposome (t-liposomes). v-liposomes and t-liposomes were mixed in fusion buffer at 
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37 °C to allow lipid mixing. The normalized NBD fluorescence intensity of each spin-labeled v-
liposome was compared to that of wild-type VAMP-2. 
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Figure S5) Transition from mid FRET to either high or low FRET in CC pair. 
All traces of donor or acceptor signals were obtained under donor-exciting 532 nm laser 
source (green rectangle) or acceptor-exciting 635 nm laser source (red rectangle)  (top panel) and 
the FRET efficiencies were calculated as mentioned in the text (bottom panel). (A) The single 
transition from the intermediate mid FRET to high FRET state. (B) The single transition from the 
intermediate mid FRET to low FRET state. 
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3.1 Abstract  
In neuroexocytosis, SNAREs and Munc18-1 may consist of the minimal membrane 
fusion machinery. Consistent with this notion, we observed, using single molecule fluorescence 
assays, that Munc18-1 stimulates SNARE zippering and SNARE-dependent lipid mixing in the 
absence of a major Ca
2+
-sensor synaptotagmin 1(syt1), providing the structural basis for the 
conserved function of SM proteins in exocytosis.  However, when full-length syt1 is present no 
enhancement of SNARE zippering and no acceleration of Ca
2+
-triggered content mixing by 
Munc18-1 are observed. Thus, our results show that syt1 acts as an antagonist for Munc18-1 in 
SNAREs zippering and fusion pore opening. Although the Sec1/Munc18 family may serve as 
part of the fusion machinery in other exocytotic pathways, Munc18-1 may have evolved to play a 
different role such as regulating syntaxin 1a in neuroexocytosis. 
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3.2 Introduction 
Essential to the functional connectivity in the central nerve system is neurotransmitter 
release at synapses which requires fusion of vesicles to the presynaptic plasma membrane. 
Vesicle fusion is an energetically costly process because it needs to overcome the energy barrier 
for merging two stable membranes to a single bilayer
1,2
. 
The required fusion energy would have to be provided by the protein machinery. It is 
thought that SNAREs and Munc18-1 constitute the minimal fusion machinery
3,4
. The SNARE 
complex formed between vesicle (v-) SNARE and target plasma membrane (t-) SNAREs is 
considered the core of the fusion machine
3-11
. Further, the binding of Munc18-1 to the SNARE 
complex would provide an additional energetic boost in driving vesicle fusion
12-14
. 
There is ample evidence that SNAREs belong to the minimal fusion machinery. 
Treatment of the presynapse with the clostridial toxins, which specifically cleave SNARE 
proteins, abolishes neurotransmitter release completely
15-18
. Furthermore, proteoliposomes 
reconstituted with SNAREs only support lipid mixing, demonstrating that SNAREs alone can 
drive membrane fusion
8,19-24
. Similarly, it was shown that Munc18-1 accelerates SNARE-
mediated proteoliposome fusion, supporting the notion that Munc18-1 is part of the minimal 
fusion machine
12,25
. 
Meanwhile, Munc18-1 appears to have another important function to regulate the 
SNARE assembly. Munc18-1 binds to the Habc domain of t-SNARE syntaxin 1a and prevents 
sytaxin 1a from the premature binding to another t-SNARE SNAP-25 that might lead to a 
nonproductive t-SNARE complex
26-30
. 
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Although the Munc18-1 function to protect syntaxin 1a is supported by a variety of 
evidence its role as part of fusion machine is debatable. The proteoliposome fusion assay
12,25
, on 
which this proposition relies heavily, did not include synaptotagmin 1 (syt1), a major Ca
2+
-
sensor for synaptic vesicle fusion
31-33
. Syt1 is a vesicular protein, consisting of tandem Ca
2+
-
binding C2 domains and a transmembrane helix
34
. Syt1 interacts with the core SNARE complex 
as well as phospholipids
35-39
. Provided that syt1 cooperates with the SNARE complex intimately 
during the moment of fusion it is difficult to envision how Munc18-1 might gain access to the 
core complex simultaneously
40
. 
In this work, we investigated, using single molecule (sm) FRET, the conformational 
changes of a trans-SNARE complex (or SNAREpin) assembled between two nanodisc 
membranes
41
 induced by Munc18-1. We also studied the effect of Munc18-1 on SNARE-
dependent proteoliposome lipid mixing and on the Ca
2+
-triggered fusion pore opening in well-
defined in vitro settings
39,42
 to dissect the Munc18-1 function in the presence of syt1. Our results 
show that although Munc18-1 has the capacity to stimulate SNARE complex formation and 
SNARE-dependent lipid mixing syt1 largely negates such positive effects on membrane fusion, 
suggesting that syt1 acts an antagonist for Munc18-1. 
 
3.3 Results 
3.3.1 Munc18-1 promotes SNARE zippering without syt1, but not in the presence of syt1. 
It has been previously shown that Munc18-1 can bind to the SNARE four helix bundle 
but it has not yet been demonstrated that such binding actually stimulate SNARE zippering
43
. To 
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investigate effects of Munc18-1 on the conformation of the trans-SNAREpin with smFRET we 
prepared an N-terminal FRET pair VAMP2 Q33C and syntaxin 1a I203C labeled with the donor 
dye Cy3 and the acceptor dye Cy5 (NN), respectively. We also prepared a C-terminal FRET pair, 
Cy3-labeled VAMP2 A72C and Cy5-labeled syntaxin 1a V241C (CC) (Fig. 1a). For the 
detection of FRET with total internal reflection (TIR) the t-SNARE-reconstituted nanodiscs (t-
discs) were tethered on the imaging surface using the streptavidin-to-biotin lipid conjugation. 
The v-SNARE reconstituted nanodiscs (v-discs) were then flown into the flow cell to allow 
docking and trans-SNAREpin formation (Fig. 1b)
41
.  
For the SNAREpin with the NN FRET pair we observed a dominant FRET distribution 
peaked at the FRET efficiency E∼0.8 (Fig. 1c, left), indicating that the helical structure is robust 
at the N-terminal region. We observed a small low FRET population (~8%) that might reflect 
non-specific binding to the surface (Fig. 1c, left). The possibility of antiparallel SNARE 
assembly
44
 could be ruled out since out-of-register combinations (NC and CN) dominantly 
populated mid-FRET (E~0.4) (Fig. S1). In contrast, the SNAREpin with the CC FRET pair gave 
two major low and high FRET distributions with some population in the mid-FRET (Fig. 1c, 
upper-right, see the ref
41
 for the discussion of the mid-FRET population). The low FRET peak 
might reflect a half-zipped SNAREpin, while the high and mid FRET peaks represent a fully-
zipped SNAREpin
41
. When Mun18-1 (1 µM) was added, for the CC FRET pair we observed the 
shift of the FRET distribution from low to high, showing that Munc18-1 promoted formation of 
fully-zipped SNAREpin (Fig. 1c, lower-right, Fig. 1e, and Fig. S2). 
Now, to find out if such promotion of SNARE zippering by Munc18-1 still stands in the 
presence of syt1 we incorporated syt1 to v-disc in the molar ratio of 1:1 to VAMP2. With syt1 
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we still observe a dominant high FRET distribution for the NN FRET pair (Fig. 1d, upper- left), 
identical to that observed in the absence of syt1. Interestingly, however, we did not observe any 
change in the distribution of the CC FRET population at all (Fig. 1d right, and Fig. 1f). Thus, the 
results suggest that syt1 works as an antagonist to Munc18-1 for SNAREpin binding, which 
abrogates the enhancement of SNARE zippering by Munc18-1. 
 
3.3.2 Syt1 and Munc18-1 are mutually antagonistic in SNARE-dependent lipid mixing. 
It has been consistently shown, using the in vitro bulk or single vesicle lipid mixing assay, 
that Munc18-1 enhances SNARE-dependent lipid mixing (Fig. S3a)
12,14
. We ask if such 
stimulation of lipid mixing still exists in the presence of syt1. 
To measure lipid mixing we immobilized vesicles carrying t-SNARE on the imaging 
surface (t-vesicles) and vesicles carrying v-SNARE (v-vesicles) was added to the flow cell to 
allow vesicle docking (Fig. 2a). The lipid dyes DiI and DiD were separately incorporated into t- 
and v-vesicles, respectively, to detect FRET due to lipid mixing (Fig. 2a). Without Munc18-1 
lipid mixing was slow: only around 20% of docked vesicles showed lipid mixing after 30 min 
incubation (Fig. 2b, f). However, when Munc18-1 was present lipid mixing was accelerated 
significantly: 50% of docked vesicles were lipid-mixed (Fig. 2c, f), consistent with previously 
reported results
14
. 
When syt1 was incorporated into the v-vesicles in the molar ratio of 1:1 to VAMP2 we 
observed great enhancement of lipid mixing. After 30 min incubation nearly all docked vesicles 
were lipid-mixed (Fig. 2d, f). The stimulation of SNARE-dependent lipid mixing by syt1 was 
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previously reported and not surprising
39
. What is surprising, though, is, when we added Munc18-
1 the stimulation of SNARE-dependent lipid mixing by syt1 is much reduced (Fig. 2e). We 
observed only about 60% of docked vesicles show lipid mixing (Fig. 2e, f), suggesting that 
Munc18-1 is antagonistic to syt1 in SNARE-dependent lipid mixing. 
 
3.3.3 Munc18-1 has little effect on Ca
2+
-triggered content mixing. 
Although SNAREs alone as well as SNAREs together with syt1 can support lipid mixing, 
they are not effective in driving content mixing or fusion pore formation unless Ca
2+
 is 
present
39,45
. Therefore, in vitro Ca
2+
-triggered content mixing assay offers more stringent test for 
the competition between Munc18-1 and syt1 to gain access to the SNAREpin. 
To measure content mixing we incorporated sulforhodamine B into v-vesicles in an in 
vitro setup depicted in Fig.2a except for lipid dyes (Fig. 3a). After vesicle docking Ca
2+
 (500 
µM) was flown in to the flow cell and the intensity jump of the fluorescence signal due to 
dequenching was detected as a signal for content mixing
45
. The cumulative time plot shows that 
approximately 13.5% of docked vesicle show content mixing with a half time of 30 sec (Fig. 3b). 
Interestingly, addition of Munc18-1 showed little change in the cumulative time plot in the range 
of 100-1000 nM, although there was some reduction of content mixing at very high 
concentration of Munc18-1 (Fig. 3b). Thus, our result demonstrates that Munc18-1 does not 
stimulate Ca
2+
-triggered fusion pore formation, suggesting that the SNAREpin is not accessible 
to Munc18-1 in the presence of syt1. 
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We note that in this assay vesicle docking became much reduced as the Munc18-1 
concentration was increased (Fig. 3c and Table S2). We interpret this result as the consequence 
of dissociation of heterodimeric t-SNARE into the individual components syntaxin 1a and 
SNAP-25 (ref. 30), which would reduce vesicle docking mediated by the interaction between 
syt1 and t-SNARE
35,38
. 
 
3.4 Discussion 
In this work, we observed, using smFRET and single vesicle lipid mixing, that Munc18-
1’s positive influence on SNARE zippering and lipid mixing is robust in the absence of syt1. 
Surprisingly, however, when syt1 is present the stimulation of SNARE zippering by Munc18-1 
disappears completely while its effect on lipid mixing is reduced significantly. Most importantly, 
we did not observed any acceleration of content mixing or fusion pore opening by Munc18-1. 
These findings demonstrate that syt1 competes with Munc18-1 for the access to the SNAREpin 
and acts as an antagonist for Munc18-1 in SNAREpin binding. 
Neurotransmitter release is tightly regulated by Ca
2+
 and happens in less than 1 msec 
upon the Ca
2+
 influx
46,47
. Thus, it appears to be necessary for Ca
2+
-sensor syt1 to gain intimate 
access to the SNAREpin
32
. In fact, it is shown that syt1 has the capacity to bind the SNARE core 
and negatively charged lipids clustered at the immediate vicinity of the SNARE complex
48
. With 
the necessity of the syt1’s presence at the nearest neighbor of the SNAREpin it is hard to 
envision how Munc18-1 gains full access to the SNAREpin. Meanwhile, Munc18-1 binding to 
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the SNARE core is relatively weak with the binding constant of ~1 µM
49
 which may not be 
sufficiently strong to hold onto the SNARE core in competition with syt1. 
Alternatively, Munc18-1’s binding to the Habc domain of syntaxin 1a is much stronger 
with the binding constant of ∼10 nM28,50. This binding stabilizes the ‘closed’ form of syntaxin 1a, 
which does not allow premature binding of syntaxin 1a to SNAP-25 (ref. 30). The controlled 
binding between syntaxin 1a and SNAP-25 is necessary because their freely binding likely leads 
to the formation of the 2:1 complex which is known to be the non-productive dead-end 
product
51,52
. Recently, it was shown that Munc13 plays a role in relieving syntaxin 1a from the 
inhibitory Munc18-1 capping
29,30
. 
The notion that Munc18-1 is part of the minimal fusion machinery is largely based on 
two experimental observations. Firstly, the knockout of Munc18-1 abolishes neurotransmitter 
release completely
35,53,54
. The severity of the knockout phenotype could be explained equally 
well by the losing of inhibitory capping on syntaxin 1a. Secondly, Munc18-1 has the capacity of 
accelerating SNARE-dependent proteoliposome fusion significantly
12,25
. The caveats here are 
that syt1 is not included in those experiments. Our results argue that Munc18-1 may not be part 
of the minimal fusion machinery and it rather plays an important regulatory role in controlling 
syntaxin 1a binding to SNAP-25. 
There are however many exocytotic systems where vesicle fusion is either not regulated 
by Ca
2+
 and therefore, syt1-like molecules are not involved
55,56
. Also, there are systems where 
the Habc-like domain is not present in syntaxin 1a-analogs
57,58
. In such cases, the 
Sec1/Munc18’s main function may be to stimulate vesicle fusion via its binding to the 
SNAREpin. The analysis by Shen et al. suggests that the SNAREpin binding may be the 
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evolutionarily conserved function for the Sec1/Munc18 family
25
. However, at the top of the 
evolution may be neuroexocytosis. Thus, we speculate that the evolutionary pressure to 
implement the tight Ca
2+
 control of vesicle fusion might the Muc18-1’s role must have been 
diverged elsewhere. 
 
3.5 Materials and Methods 
3.5.1 Plasmid constructs and site-directed mutagenesis. 
DNA sequences encoding rat syntaxin-1a (amino acids 2-288 with three native cysteines 
C145, C271, and C272 replaced by alanines), rat VAMP2 (amino acids 1-116 with C103 
replaced by alanine), and rat SNAP-25 (amino acids 1-206 with four native cysteines C85, C88, 
C90, and C92 replaced by alanines) were inserted into the pGEX-KG vector as N-terminal 
glutathione S-transferase (GST) fusion proteins. Full-length rat synaptotagmin 1 (Syt1, amino 
acids 50-421 with four native cysteines C74, C75, C77 and C79 replaced by alanines and another 
C82 replaced by serine) and full-length rat Munc18-1 was inserted into pET-28b vector as a C-
terminal His-tagged protein. We used the Quick Change site-directed mutagenesis kit 
(Stratagene) to generate all mutants including syntaxin-1a I203C and V241C and VAMP2 Q33C 
and A72C. DNA sequences were confirmed by the Iowa State University DNA Sequencing 
Facility. 
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3.5.2 Protein expression and purification. 
Protein expression and purification were described previously
41,45
. Briefly, all 
recombinant proteins were expressed in E. coli BL21 (DE3). GST-tagged proteins, syntaxin-1a, 
SNAP-25, and VAMP2 were purified by affinity chromatography using Glutathione−Agarose 
beads (Sigma-Aldrich) and cleaved from beads with thrombin (0.02 unit μl-1, Sigma-Aldrich) in 
PBS or PBS with 0.8% (w/v) octyl β-D-glucopyranoside (PBS-OG) for membrane proteins. His-
tagged proteins, apoA1, synaptotagmin 1 (syt1), and Munc18-1 were purified by Ni-NTA 
agarose beads (Qiagen). His-tagged apoA1 and Munc18-1 were eluted with 200 mM imidazole 
(Sigma-Aldrich) in PBS. Munc18-1 was further dialysed twice in 2 L PBS buffer at 4 °C 
overnight after elution. Syt1 was eluted with 25 mM HEPES pH 7.4 with 400 mM KCl, 250 mM 
imidazole, 0.8% OG, and 1 mM EDTA. 
 
3.5.3 Lipid mixture preparation. 
The lipid molecules used in this study are 1,2-dioleoyl-sn-glycero-3-phospho-L-serine 
(DOPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), phosphatidylinositol-4,5-
bisphosphate (PIP2, from porcine brain), cholesterol, 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamin-N-(biotinyl) (biotin-DPPE), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (biotin-PEG-DSPE). All lipids 
were obtained from Avanti Polar Lipids. 1,1 ′ -Dioctadecyl-3,3,3 ′ ,3 ′ -
Tetramethylindocarbocyanine Perchlorate  (DiI), 1,1 ′ -Dioctadecyl-3,3,3 ′ ,3 ′ -
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Tetramethylindodicarbocyanine Perchlorate (DiD), and sulforhodamine B were obtained from 
Invitrogen. The ideal amount of lipids were first mixed and then completely dried for further 
using. 
 
3.5.4 Fluorophore-labeling of the single cysteine mutants. 
The fluorophore-labeling of the single cysteine mutants of syntaxin-1a and VAMP2 were 
described previously
41,59
. Briefly, the mutants were purified through the way as the same as wild-
type syntaxin-1a and VAMP2, except that the cleavage buffer for single cysteine mutant proteins 
contained 2.5 mM DTT. For the smFRET study of the trans-SNAREpin, single cysteine mutants 
of syntaxin-1a (I203C or V241C) and VAMP-2 (Q33C or A72C) were desalted with the PD-10 
column (GE healthcare) to eliminate free DTT after cleavage then incubated with 10x molar 
excess of maleimide-derivative fluorophore, Cy5 and Cy3 (GE healthcare), respectively, at 4 °C 
overnight. Unreacted free fluorescence labels were removed by the PD-10 column and the 
labelling efficiency of each mutant was measured with spectrophotometry (Beckman). Extinction 
coefficients of Cy5 (250, 000 M
-1
 cm
-1
 at 650 nm) and Cy3 (150, 000 M
-1
 cm
-1
 at 552 nm) were 
used to calculate the concentration of the fluorophore. The detergent compatible Lowry assay 
(DC assay, Bio-Rad) was used to determine the concentration of SNAREs. The labelling 
efficiencies were 46% and 40% for syntaxin-1a I203C and V241C and 55% and 62% for 
VAMP2 Q33C and A72C, respectively. 
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3.5.5 Reconstitution and purification of t- and v-discs. 
To mimic the physiological lipid compositions of synaptic membranes the mixture of 
POPC, DOPS, cholesterol, PIP2, and biotin-PEG-DSPE with the molar ratio of 62.9:15:20:2:0.1 
for t-discs and the mixture of POPC, DOPS, and cholesterol with the molar ratio of 75:5:20 for 
v-discs were dried and resuspended inTris150-EDTA buffer (10 mM Tris-HCl, 150 mM NaCl, 1 
mM EDTA, pH 7.4). 3 μl of each 50 mM lipid mixture was dissolved by final 50 mM sodium 
cholate then t- (the binary complex of syntaxin-1a and SNAP-25) or v-SNARE (VAMP-2 with 
or without syt1 with the molar ratio of 1:1) and apoA1 protein were added to the solubilized lipid 
mixture. The molar ratio between lipid, SNARE(s), and apoA1 was 160:0.5:2. The self-assembly 
of SNARE-incorporated nanodiscs was initiated by a rapid removal of sodium cholate by 
treating the sample with 50% (w/v) SM-2 Bio-Beads. The t- or v-discs were then purified 
through gel-filtration using Superdex
TM
200 GL 10/30 column (Amersham Biosciences) 
 
3.5.6 FRET measurements of trans-SNAREpins. 
After coating the quartz surface with a solution of methoxy-polyethylene glycol (mPEG) 
and biotin-PEG molecules (100:1), the quartz slide was assembled into a flow chamber and 
coated with streptavidin (0.2 mg
 
ml
-1
). 100~200 nM t-discs (containing Cy5-labeled sytnaxin 1a 
on the position of I203C or V241C) were immobilized on the surface then 1 μM Munc18-1 or 
equal volume buffer were flown in and the sample was incubated for 10 min at room temperature 
(~25 °C). Five times molar excess of v-discs (containing Cy3-labeled VAMP2 on the position of 
Q33C or A72C without or with syt1) with 1 μM Munc18-1 or equal volume buffer were then 
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added to the flow chamber and the sample was incubated for 25 min at 37 °C to allow trans-
SNAREpin formation. All TIR experiments were performed at room temperature in the presence 
of oxygen scavenger system (0.4 % (w/v) glucose (Sigma), 4 mM Trolox (Calbiochem), 1 mg/ml 
glucose oxidase (Sigma), 0.04 mg/ml catalase (Calbiochem)) in Tris150-EDTA buffer. The 
smFRET measurements were carried out on a prism-type TIR setup, which is based on inverted 
microscope (IX71, Olympus) with laser exposure time of 200 ms. Each Cy3 and Cy5 
fluorescence signal from the chamber was collected by a water immersion lens (UPlanSApo 
60x/1.20w, Olympus) and separated by a dichroic mirror (T660lpxr, chroma), which had a 
threshold at 635 nm wavelength. Two separated signals were then transferred to separated 
images on an electron multiplying charged-coupled device camera (iXon DU897E, Andor 
Technology) as donor and acceptor signals, respectively. FRET efficiencies (E) were obtained by 
  
  
(     )
 
where IA and ID are the acceptor and donor fluorescence intensities. 
 
3.5.7 proteoliposomes reconstitution. 
For the bulk and single lipid mixing assay, the molar ratios of lipids were 15:64:20:1:0.1 
(DOPS:POPC:cholesterol:DiI:Biotin-DPPE) for the t-SNARE-reconstituted (t-)vesicles, and 
5:73:20:2 (DOPS:POPC:cholesterol:DiD) for the v-SNARE-reconstituted (v-)vesicles, 
respectively. The lipid mixture was first completely dried and then hydrated by dialysis buffer 
(25 mM HEPES, pH 7.4, 100 mM KCl). After five freeze–thaw cycles, protein-free large 
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unilamellar vesicles (~100 nm in diameter) were prepared by extrusion through a 100 nm 
polycarbonate filter (Whatman). For membrane reconstitution, SNARE proteins and syt1 were 
mixed with protein free vesicles at the protein to lipid molar ratio of 1:200 for each protein 
component (this ratio was kept for all experiments including the single vesicle content mixing 
assay) with ~0.8% OG in the dialysis buffer at 4°C for 15 min. The liposome/protein mixture 
was diluted 2 times with dialysis buffer for t-vesicles, and then the diluted t-vesicles were 
dialyzed in 2 L of dialysis buffer at 4 °C overnight. For v-vesicles, the mixture was diluted twice 
with dialysis buffer containing 1 mM EDTA and dialyzed in 2 L of dialysis buffer with EDTA at 
4 °C overnight. Details for reconstitution were discussed in our previous work
39,45
. 
For the single vesicle content mixing assay with the small sulforhodamine B content 
indicator, the lipid compositions were as the same as those used in the single vesicle docking 
assay except that the fluorescent lipid dyes (DiI and DiD) were replaced by the equal amount of 
POPC and 2% PIP2 was incorporated into the t-vesicles. The lipid mixture was first completely 
dried and then hydrated with dialysis buffer, but a population of vesicles to make v-vesicles was 
hydrated in the presence of 20 mM sulforhodamine B. The overall vesicle preparation and 
protein reconstitution process was the same as above except that v-vesicles were always kept in 
the 20 mM sulforhodamine B prior to dialysis overnight. Free sulforhodamine B was removed 
using the PD-10 desalting column (GE healthcare) after dialysis. Details for reconstitution were 
discussed in our previous work
39,45
. 
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3.5.8 Bulk lipid mixing assay. 
Reconstituted t- and v-vesicles were mixed at a ratio of 1:1. The final lipid concentration 
was 0.1 mM. The fluorescence intensity was monitored in two channels with the excitation 
wavelength of 530 nm and emission wavelengths of 570 and 670 nm for donor DiI and acceptor 
DiD, respectively. Fluorescence changes were recorded with the Varian Cary Eclipse model 
fluorescence spectrophotometer using a quartz cell of 100 μL with a 2 mm path length. All 
measurements were performed at 35 °C. 
 
3.5.9 Single vesicle docking and lipid mixing assays. 
The t-vesicles with the final lipid concentration of 1 μM were flown into the chamber and 
immobilized on the PEG-coated surface through streptavidin-to-biotin lipid conjugation through 
30-minute incubation at room temperature (~25 C). After two rounds of washing with 200 l 
dialysis buffer, 1 μM Munc18-1 or equal volume of dialysis buffer was flown into the chamber 
and the sample was incubated for another 30 minutes at room temperature. Then, the v-vesicles 
(1 ~ 3 μM) with or without 1 μM Munc18-1 were injected into the flow chamber and the sample 
was again incubated for 30 minutes at 37 C. After washing off free v-vesicles using dialysis 
buffer containing 1 μM Munc18-1 or equal volume of dialysis buffer, movies were acquired by 
taking 100 consecutive frames with the 100 ms exposure time  from five randomly chosen 
imaging areas (4590 m2). The first 60 frames were taken by using 532 nm laser source to 
calculate the FRET efficiency and the following 40 frames were taken by using 635 nm laser 
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excitation to check the binding of v-vesicles (including docked and non-specific binding of v-
vesicles. The non-specifically bound v-vesicles were excluded from the analysis).  
 
3.5.10 Single-vesicle content mixing assay. 
The t-SNARE vesicles (125 μM) were immobilized on the PEG-coated surface through 
streptavidin-to-biotin lipid conjugation for 20 min. Following several rounds of washing with 
200 μL of dialysis buffer, the v-vesicles containing 20 mM SRB (10 μM) were injected into the 
flow chamber and the sample were incubated at room temperature for 10 min for docking. After 
washing out the unbound v-vesicles with dialysis buffer containing 1mM EDTA, additional 20 
min incubation was followed by 500 μM of Ca2+ injection using motorized syringe pump. A 
stepwise jump in fluorescence intensity is detected with fusion pores, due to the dequenching of 
SRB
39,45
. The fluorescent signals from the immobilized individual vesicle pairs were obtained 
from TIF fluorescence microscope. The details of TIR fluorescence microscope imaging and 
single molecule data analysis have been reported in our previous work
60
.  
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3.7 Figures and Legends  
 
87 
 
Figure 1) Effects of Munc18-1 on the conformation of the trans-SNAREpin detected by 
smFRET 
(a) Fluorescent dye-labeled positions on syntaxin 1a and VAMP2. I203C or V241C of 
syntaxin 1a was labeled with Cy5 (light blue saw-tooth circle) and Q33C or A72C of VAMP2 
was labeled with Cy3 (light blue saw-tooth circle). The Habc domain (white) of syntaxin 1a is 
depicted broken to indicate the longer length than the SNARE motif (red).  (b) The TIR setup for 
the smFRET detection of the trans-SNAREpin conformation. The t-discs carrying Cy5-labeled 
syntaxin 1a (red and white) and SNAP-25 (green) was immobilized on the quartz surface through 
biotin (yellow square) and streptavidin (purple, cross-shaped) conjugation and then allowed to 
interact and form the trans-SNAREpin with the v-discs carrying Cy3-labeled VAMP2 (blue) 
with or without synaptotagmin 1 (syt1) (not shown here). Distributions of FRET efficiencies for 
the NN and CC pairs in the absence (upper panel) or presence (lower panel) of Munc18-1 
without syt1 (c) or with syt1 (d), respectively. The Gaussian fittings are included (black lines). 
The relative changes in the ratio of high- to low-FRET populations for the CC pairs in the 
presence (red) or absence of Munc18-1 (gray) without syt1 (e) and with syt1 (f), respectively. 
Error bars denote the S.D. of three independent experiments. Areas under Gaussian fittings were 
used to calculate the high-to-low FRET population ratios. 
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Figure 2) Munc18-1 and syt1 are mutually antagonistic in SNARE-dependent lipid mixing.  
(a) Schematic diagram of the single-vesicle docking and lipid mixing assay. T-vesicles 
reconstituted with SNAP-25/syntaxin 1a were immobilized on the surface of the flow cell. V-
vesicles reconstituted with VAMP2 or VAMP2 together with syt1 (VAMP2:syt1=1:1) were 
flown into the flow cell with or without 1 μM Munc18-1. (b-e) Distributions of FRET 
efficiencies between immobilized t-vesicles and VAMP2-vesicles (b), VAMP2-vesicles in the 
presence of 1 μM Munc18-1 (c), VAMP2/syt1-vesicles (d), and VAMP2/syt1-vesicles in the 
presence of 1 μM Munc18-1 (e). The Gaussian fitting were shown to indicate the low- and high-
FRET populations. (f) Lipid-mixing efficiencies quantified based on the percentages of high-
FRET peaks (E~0.5–1). Error bars denote the S.D. of three independent experiments.   
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Figure 3 Effects of Munc18-1 on Ca
2+
-triggered fusion pore opening in in vitro content 
mixing assay.  
(a) Schematics of the in vitro content mixing assay. (b) Quantitative comparison of 
cumulative time content mixing percentage of the total docked population at various 
concentrations of Munc18-1 (Ca
2+
 injection at 10s). The control, without Munc18-1, is depicted 
with red circles. (c) In vitro single vesicle docking. Individual v-vesicles that tethered onto the t-
vesicles on the imaging area were counted. The experiments were performed by incubating the 
samples in the presence of the specified Munc18-1 concentrations. The data were normalized 
against the control which was obtained in the absence of Munc18-1. Data in (b) and (c) were 
represented as mean ± S.D. of three independent experiments.  
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3.8 Supporting Information 
Content: Supplementary Figure and Legends S1-S3, Table S1-S2  
 
Figure S1) The conformation of parallel SNARE assembly between nanodiscs.  
Distribution of FRET efficiencies for the out-of-register NC (a, syntaxin 1a V241C-
VAMP2 Q33C) and CN (b, syntaxin 1a I203C-VAMP2 A72C) pairs. The Gaussian fittings are 
included (black lines). 
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Figure S2) Increased fully assembled SNAREpin dependent on Munc18-1.  
Distributions of the FRET efficiencies for the CC pair in the absence (a) or presence of 
various concentrations of Munc18-1 (b, c, and d). The relative changes in the low-FRET peak for 
the CC pairs (e). FRET distribution of the CC pair in the presence of 2 µM BSA as a negative 
control (f). 
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Figure S3) Munc18-1 behaves opposite ways depending on the absence or the presence of 
syt1.  
(a and b) Bulk lipid mixing assays in the absence (a) or presence of syt1 (b). The change 
of the FRET efficiency (E), which was calculated by the formula: E = IDiD/(IDiD+IDiI), represents 
lipid mixing. The black traces represent the changes in the fluorescence intensity without 
Munc18-1 and the red traces represent those with Munc18-1.  
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Table S1) Single vesicle lipid mixing assay. 
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Table S2) Numbers of total docked vesicles for content mixing using Sulforhodamine B. 
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CHAPTER 4: THE ROLE OF COMPLEXIN-1 N-TERMINUS AS 
AN ACTIVE ASSISTANT IN Ca
2+
 TRIGGERED FUSION PORE 
FORMATION 
Jaeil Shin, Xiaochu Lou, and Yeon-Kyun Shin 
In preparation of manuscript 
4.1 Abstract  
Complexin-1 (cpx1) is a presynaptic protein known to interact with the SANRE complex 
to regulate synaptotagmin-1 (syt1) and Ca
2+
-dependent neuroexocytosis processes. The general 
notion of cpx1’s role in synchronized neurotransmitter release is to clamp SNARE-mediated 
fusion and facilitate it upon the arrival of a Ca
2+
 signal. The combined study of SNAREpin 
formation, SNARE-mediated lipid mixing, and content-mixing in the presence of selectively-
truncated cpx1 revealed that cpx1 fastened the SNARE zipping and consequently increased lipid 
mixing, but produced no further increase in content mixing without Ca
2+
 influx. More 
interestingly, the N-terminal region of cpx1 performed the role of an active assistant, not a 
passive clamp, in Ca
2+
 triggered content mixing. 
  
4.2 Introduction 
In neuroexocytosis, synaptic vesicles must fuse to the plasma membrane and open a pore 
to release the neurotransmitter
1-3
. SNARE proteins have been thought to overcome the energy 
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barrier of membrane repulsion by providing the energy force generated when stable four-helical 
SNARE complexes are formed
4,5
. This complex formation is initiated at the N-terminal region of 
SNARE complex and favors finish zipping in the C-terminal direction
2,6-8
. By providing the 
favorable-complex formation property and its driving force to fuse membranes, SNARE is 
believed to constitute minimal fusogenic machinery
2,9
.  
However, in the physiological environment, this spontaneous process is precisely 
governed by synaptic regulatory proteins such as synaptotagmin-1 (syt1) and complexin-1 (cpx1) 
in transferring the signal with correct timing
10-14
. As a Ca
2+
 sensor, syt1 consists of Ca
2+
 binding 
the C2AB domain with the transmembrane domain, anchoring syt1 to the synaptic vesicles
15-18
. 
It is known to finalize the pore opening by interacting with the SNARE complex and lipid 
molecules upon the arrival of Ca
2+13,14,19
. The mechanism of cpx1 is still controversial, but is 
believed to prime and clamp synaptic vesicles to the plasma membrane until syt1 and Ca
2+
 arrive 
at the active spot to finally accelerate the pore-opening process
20-23
. How does cpx1 elevate the 
pore-opening process? Cpx1 is composed of 4 distinct domains (134 amino acids) and their 
postulated roles have been reported with through vivo and in vitro experiments. The central helix 
domain (cntH, 49-70) binds to the groove between VAMP-2 and syntaxin-1a in the assembled 
SNARE complex in an antiparallel direction and thereby stabilizes it
24-26
. The accessory helix 
domain (accH, 27-48) may act as a clamp for SNAREpin conformation, possibly by competing 
with VAMP-2 at the binding site of the binary complex of syntaxin-1a and SNAP-25 (t-
SNARE)
27,28
. Almost half the length of cpx1 at the C-terminal (Ct, 71-134) is relatively 
unstructured and its function is not clear. Recently it has been reported that Ct possibly interacts 
with synaptic vesicles via its putative amphipathic residues and is thereby involved in vesicle 
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priming
29,30
. Another unstructured N-terminal domain (Nt, 1-26) is believed to provide a role in 
synchronized fusion pore-opening upon the arrival of calcium
31,32
. Although the distinct domains 
of cpx1 apparently play individual roles, there has been to date no plausible hypothesis for cpx1 
function in SNARE-mediated neuroexocytosis
33
.  
We used a single-molecule (sm) content-mixing assay to investigate the role of cpx1 in 
the pore-opening process and confirm its acceleratory function
34
. The structural information 
based on smFRET using trans-SNAREpin between nanodiscs revealed that cpx1 induced 
complete assembly of the core SNARE complex. Furthermore, the single vesicle-vesicle lipid-
mixing efficiency positively increased in the presence of cpx1. However, N-terminally truncated 
cpx1 fragments were unable to elevate content mixing while the high efficiencies of complete 
SNAREpin formation and lipid-mixing were still maintained. Meanwhile, C-terminal truncated 
cpx1 increased content-mixing efficiency, but enhanced neither the SNAREpin complex 
formation nor the lipid-mixing efficiency. 
This result may justify the new mechanism of cpx1 during SNARE-mediated membrane 
fusion and neurotransmitter release. Priming of synaptic vesicles is mediated by cntH and Ct of 
cpx1, as known, but Nt of cpx1 may also act as an independent pore-opening assistant, not a 
passive blocker,  in the Ca
2+
 triggered release event. 
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4.3 Results 
4.3.1 Cpx1 facilitates content mixing events in the presence of syt1 and Ca
2+
 
The well-established content-mixing assay procedure was introduced to confirm the role 
of cpx1 as an accelerator in the SNARE-mediated fusion-pore opening process in the presence of 
syt1 and Ca
2+
 
23,35
. Unlabeled vesicles harboring the binary complex of syntaxin-1a and SNAP-
25 (t-vesicles) were immobilized on the surface of the flow cell via avidin-biotin interaction. 
Other vesicles containing sulforhodamine B (SRB) as a concentration-dependent self-quenching 
fluorophore inside the vesicle and VAMP-2 and syt1 on the membrane (v-vesicles) were 
introduced to the flow chamber with or without 1 uM cpx1 and reacted for 10 min at room 
temperature (Fig. 1a). After washing unbound v-vesicles, another 20 min of incubation at room 
temperature allowed spontaneous content-mixing. Finally, 500 uM of Ca
2+
 was injected to 
initiate syt1 dependent content-mixing events, and the sudden increase of SRB intensity due to 
the dilution of self-quenching fluorophore was considered to be evidence of content-mixing. As 
shown previously, content-mixing probability was increased by the cpx1, indicating that it is a 
final fusion accelerator (Fig.1b). 
 
4.3.2 SNARE motif in the trans-SNAREpin is fully assembled by cpx1 
A trans-SNAREpin model was recruited to determine the structure of SNAREpin under 
the control of cpx1
36
,. Truncated cpx1 fragments were also produced and applied to the trans-
SNAREpin complex to investigate the domain-specific role of cpx1 on SNAREpin assembly 
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(Fig. 2a). The binary complex of acceptor fluorophore Cy5-labeled at the N- (I203C) or C-
terminal (V241C) of syntaxin-1a and SNAP-25 (t-SNARE) was incorporated into nanodiscs (t-
discs). They were immobilized on the flow cell mediated by avidin and biotin interaction, then 
incubated with nanodiscs harboring donor fluorophore Cy3-labeled VAMP-2 at the N- (Q33C) 
or C-terminal (A72C) region and with syt1 (v-discs) (Fig. 2b). Consistent with previous results, 
an N-terminal pair of SNAREpins (NN pair) formed a robustly-assembled structure, while a C-
terminal pair (CC pair) contained at least three major distributions of conformations, although 
syt1 was added to v-discs
36
. The NN pair showed no distribution change in the presence of cpx1 
as expected; however, a high-FRET population of CC pairs increased, indicating a stably-
assembled conformation independent of syt1 (Fig. 2c and Fig. S1). N-terminally truncated cpx1 
fragments, cpx27-134 and cpx41-134, also resulted in an increased high FRET portion while a C-
terminal truncated cpx1 (cpx1-75) did not affect the FRET distribution at all (Fig. 2d). The 
docking probability was calculated based on the ratio of bound v-disc numbers and total t-disc 
numbers, with the result that the cntH and Ct of cpx1 induced binding between v-discs and t-
discs while C-terminally truncated cpx1 reduced (Fig. 2e). 
 
4.3.3 Cpx1 increases vesicle-vesicle lipid mixing 
We asked if facilitated SNARE assembly under the force of cpx1 also increased 
membrane fusion efficiency. Vesicle-vesicle lipid mixing assay in a single molecule level was 
applied to determine the role of cpx1 on the SNARE-mediated lipid-mixing event. Vesicles 
carrying t-SNAREs were immobilized on the flow-cell surface (t-vesicles), then incubated with 
100 
 
other vesicles harboring VAMP-2 with or without syt1 (v-vesicles) in the presence or absence of 
cpx1 to allow the docking event (Fig. 3a). To generate the FRET between two vesicles, lipidic-
fluorophore DiI and DiD were individually incorporated into each vesicle. Lipid mixing was 
basically enhanced by syt1 in v-vesicles, consistent with a previous study
23
. The additional cpx1 
in the interacting vesicle pairs shifted FRET efficiency to a higher portion independent of syt1, 
indicating that cpx1 itself was an accelerator of SNARE-mediated membrane fusion (Fig. 3b). 
Correlated to the effect of cpx1 fragments on the SNAREpin formation, lipid-mixing efficiency 
was also increased by N-terminally truncated cpx27-134 and cpx41-134, while cpx1-75 did not change 
the FRET distribution as much as the other fragments (Fig. 3c). 
  
4.3.4 N-terminal region of cpx1 actively induces fusion pore opening 
We confirmed that cpx1, without an N-terminal part, induced a fully-assembled SNARE 
motif region followed by enhanced membrane-fusion efficiency. To determine how cpx1 and its 
fragments also drive the final step of SNARE-mediated membrane fusion such as pore-opening, 
the content-mixing assay setup was applied once again with cpx1 and truncated cpx1 fragments. 
Unlabeled t-vesicles were placed on the imaging surface via the interaction between avidin and 
biotin, then SRB containing v-vesicles with or without cpx1 were injected as shown in Fig 1a. 
After spontaneous content-mixing, Ca
2+
 triggered content-mixing events in the presence of 
different versions of cpx1 fragments were recorded. As already documented, full-length cpx1 
facilitated the content-mixing process. However, N-terminally truncated cpx1 fragments: cpx27-
134 and cpx41-134, were not able to increase content-mixing although they provided the same effect 
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as full-length cpx1 in the SNAREpin assembly and lipid-mixing experiments (Fig. 4a). This 
disagreement may imply an intermediate state such as hemi-fused membranes forced by the 
fully-assembled trans-SNAREpin, merging outer leaflets of membranes while inner leaflets are 
still separated. In contrast, a C-terminally truncated cpx1 fragment, cpx1-75, increased content-
mixing at a slower initial rate while affecting neither the fully assembled trans-SNAREpin 
conformation nor the lipid-mixing efficiency. We interpret the N-terminal region of cpx1 to be 
the most important one in regulating the synchronized fusion pore-opening event triggered by 
syt1 and Ca
2+
, and it may be able to assist the event actively as a supporter and not a passive 
blocking clamp as proposed by other groups. The docked v-vesicle numbers were also increased 
by cntH and Ct of cpx1, while Nt and accH decreased their probability in a manner consistent 
with the single SNARE docking probability gained from nanodisc experiment (Fig. 4b and Fig. 
S2).  
 
4.4 Discussion 
The current study of trans-SNAREpin structure based on smFRET and nanodisc setup 
revealed that a core SNARE complex was fully assembled in the presence of cpx1. Also, vesicle-
vesicle lipid-mixing using smFRET indicated that cpx1 drove vesicles to a highly-mixed state. 
Even though N-terminally truncated cpx1 fragments (cpx27-134 and cpx41-134), including common 
regions, cntH and Ct of cpx1 were still able to induce complete assembly of SNAREpin and lipid 
mixing, they did not produce an increase in content-mixing events upon the arrival of Ca
2+
. Also, 
cpx1-75 did not increase SNAREpin assembly or lipid mixing as much as the other cpx1 
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fragments did even though it contained a SNAREpin stabilizing region, cntH of cpx1. We 
interpret this to mean that Ct of cpx1 may interact with synaptic vesicles and increase the local 
concentration of cntH of cpx1 at the active spot. Taken together, the fully-assembled core 
SNAREpin complex induced by cpx1 (mainly by cntH and Ct) brings two membranes into close 
proximity then consequently merges them without pore formation until the arrival of a Ca
2+
 
signal. This partially-fused state may imply the hemifusion of membranes
37,38
. SNARE might be 
the hemifusogenic machinery and cpx1, especially cntH and Ct, speeds up this process. 
Previously-reported studies also indicated that cntH of cpx1 bound and stabilized the fully 
assembled SNAREpin and that Ct of cpx1 is implicated in synaptic vesicle-priming events via its 
potential membrane-binding region containing amphipathic residues
24-26,29,30
.  
During the pore-opening step, it is evident that the role of cpx1 Nt is that of an 
accelerator; the mechanism is, however, somehow elusive
31,39
. It has been suggested that Nt of 
cpx1 acts as a final defender against spontaneous release, possibly through antiparallel 
interaction with the C-terminal region of a SNARE complex
31
. In this work, however, the 
spontaneous content-mixing event was not increased in the presence of cpx27-134 or cpx41-134, 
indicating that Nt of cpx1 was not required for the blocking of full-fusion. Meanwhile, cpx1-75 
demonstrated a similar facilitating effect on content-mixing although the rate was a bit lower 
than for full-length cpx1, while there was almost no difference in SNAREpin assembly and lipid 
mixing. We concluded that Nt of cpx1 actively supports the pore-opening process mediated by 
syt1 and Ca
2+
 rather than passively leaves the site. However, the reported in vivo studies clearly 
showed that deletion of N-terminal cpx1 increased the spontaneous release, which supports its 
blocking role
39
. Even though our in vitro experiment set-up was performed with only minimal 
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participants involved in SNARE-mediated fusion events, it is believed to be a suitable platform 
for understanding the role of each molecule. 
The docking probabilities between v- and t-discs or v- and t-vesicles were increased by 
the additional cpx1 or cpx1 fragments that contained both cntH and Ct, while the cpx1 fragment 
harboring Nt and accH reduced only the docking percentage. As a competitor for VAMP-2 at the 
binding site in the binary complex, accH possibly inhibits the SNARE binding process. However, 
the presence of full-length cpx1 and cpx27-134 that also contains accH did not result in reduced 
docking. Accordingly, we conclude that the individual role of each cpx1 domain has a running 
priority and the effect of accH as a SNARE-binding inhibitor is masked by Ct or by cntH and Ct 
of cpx1 cooperatively. 
Based on the current work, we speculate on using a model in which the synaptic vesicle 
containing VAMP-2 and syt1 docks to the plasma membrane and N-terminal zippering of 
SNAREpin is initiated (Fig 5a). In the presence of cpx1, Ct of cpx1 binds to the lipid (favorably 
to synaptic vesicles) and increases the local concentration of cntH of cpx1. The core SNARE 
complex formation is stabilized by cntH of cpx1 and results in vesicle priming (Fig. 5b). At this 
state, lipid mixing is efficiently processed while the two transmembrane domains of syntaxin-1a 
and VAMP-2 are still separated, consequently generating a hemifused state (Fig 5b). The 
conformational change of syt1 by Ca
2+
 binding to C2AB domain finally executes pore-opening 
to release neurotransmitters and is supported by Nt of cpx1 (Fig 5c). At the final step for pore 
opening, two transmembrane domains (and also membrane-proximal regions) of VAMP-2 and 
syntaxin-1a must interact with one another to form the extended SNARE complex and the full-
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fused membranes. The N-terminal domain of cpx1 as a pore-opening helper is possibly involved 
in the final complex formation between transmembrane domains of SNAREs, and this 
interaction should be addressed by further study to unravel the mechanism of cpx1 in 
neurotransmitter release. 
 
4.5 Materials and Methods 
4.5.1 Protein preparation  
Proteins used in this study were expressed in E. coli BL21 (DE3) and purified with the 
general protocol through either GST (Sigma-Aldrich) or Ni-NTA (Qiagen) agarose beads
34,40
. 
GST-tagged proteins, syntaxin-1a, SNAP-25, VAMP-2, and all complexin proteins (cpx1, cpx27-
134, cpx41-134, and cpx1-75) were bound to GST agarose beads in PBS or PBS with 0.8% octyl β-D-
glucopyranoside (PBS-OG) for membrane proteins. After washing out the non-specific bindings 
from the beads, proteins were eluted by the cleavage enzyme thrombin (0.02 unit μl-1, Sigma-
Aldrich). His-tagged proteins apoA1 and syt1 were attached to the Ni-NTA beads in PBS and 
HEPES buffer consisting of 25 mM HEPES pH 7.4 with 400 mM KCl, 25 mM imidazole, 0.8% 
OG, and 1 mM EDTA. After thoroughly washing the beads, apoA1 protein was eluted by 200 
mM Imidazole in PBS, while syt1 was obtained using the HEPES buffer with an additional 250 
mM of imidazole. All proteins containing a cysteine residue for further fluorophore labeling 
were eluted in the presence of 2.5 mM DTT as a reductant. 
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4.5.2 Fluorophore-labeling of cysteine mutant proteins 
The fluorophore-labeling of the single cysteine mutants of syntaxin-1a and VAMP-2 was 
previously described
40,41
. Briefly, single cysteine mutants of syntaxin-1a (I203C or V241C) and 
VAMP-2 (Q33C or A72C) were prepared in a DTT-free state by using a PD-10 (GE healthcare) 
desalting column, then labeled by maleimide-derivative fluorophore, either Cy5 or Cy3, The free 
fluorophores were removed by the PD-10 column after complete interaction and the labeling 
efficiencies were determined with spectrophotometry (Beckman). Extinction coefficients of Cy5 
(250, 000 M
-1
 cm
-1
 at 650 nm) and Cy3 (150, 000 M
-1
 cm
-1
 at 552 nm) were used to calculate the 
concentration of fluorophore. A detergent-compatible Lowry assay (DC assay, Bio-Rad) was 
used to determine the concentration of SNAREs. The labeling efficiencies were 46% and 40% 
for syntaxin 1a I203C and V241C and 55% and 62% for VAMP2 Q33C and A72C, respectively. 
 
4.5.3 Preparation of phospholipid mixtures 
The lipid molecules used in this study were 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), cholesterol, 
phosphatidylinositol-4,5-bisphosphate (PIP2, from porcine brain), 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamin-N-(biotinyl) (biotin-DPPE), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (biotin-PEG-DSPE). All lipids 
were obtained from Avanti Polar Lipids. 1,1′-Dioctadecyl-3,3,3′,3′-Tetra-methy-lindo-carbo-
cyanine Perchlorate  (DiI), 1,1′-Dioctadecyl-3,3,3′,3′-Tetra-methy-lindo-di-carbo-cyanine 
Perchlorate (DiD), and sulforhodamine B (SRB) were purchased from Invitrogen. Lipid 
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molecules dissolved in chloroform were mixed in a glass tube based on the required ratio, then 
dried completely by nitrogen gas for subsequent purposes such as vesicle or nanodisc 
construction. 
 
4.5.4 Reconstitution of SNARE incorporated vesicles  
For the single-lipid mixing assay, the molar ratios of lipids were 61.9:15:20:1:2:0.1 
(POPC:DOPS:cholesterol:DiI:PIP2:Biotin-DPPE) for the t-vesicles, and 74:5:20:1 
(POPC:DOPS: cholesterol:DiD) for the v-vesicles, respectively. The lipid mixture was first 
completely dried and then hydrated using a dialysis buffer (25 mM HEPES, pH 7.4, 100 mM 
KCl). After five freeze–thaw cycles, protein-free large unilamellar vesicles (~100 nm in diameter) 
were prepared by extrusion through a 100 nm polycarbonate filter (Whatman). For SNAREs and 
syt1 reconstitution in vesicles, the binary complex of syntaxin-1a and SNARE-25 were mixed 
with protein free t-vesicles, while VAMP-2 with or without syt1 was mixed with v-vesicles in 
the presence of 0.8% OG. The lipid-to-protein ratio was 200:1 in each case and the mixtures 
were diluted 2 times with the dialysis buffer. For v-vesicle reconstitution, a 1 mM EDTA was 
maintained in all processes
34,42
. 
For the single-vesicle content-mixing assay with a small sulforhodamine B content 
indicator, the lipid compositions were the same as those used in the single lipid-mixing assay 
except that the fluorescent lipid dyes (DiI and DiD) were replaced by an equal amount of POPC. 
The lipid mixtures were first completely dried and then hydrated with the dialysis buffer, but the 
one for v-vesicles was hydrated in the presence of additional 20 mM SRB. The overall vesicle 
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preparation and protein-reconstitution process was the same as above except that 20 mM SRB 
was maintained prior to each dialysis step for v-vesicle reconstitution. Free SRB was removed 
using the PD-10 desalting column (GE healthcare) after dialysis. Details for reconstitution have 
been discussed in our previous work
34,42
. 
 
4.5.5 Assembly of SNARE-incorporated nanodiscs 
To mimic the physiological lipid compositions of synaptic membranes, a mixture of 
POPC, DOPS, cholesterol, PIP2, and biotin-PEG-DSPE with a molar ratio of 62.9:15:20:2:0.1 for 
t-discs and a mixture of POPC, DOPS, and cholesterol with a molar ratio of 75:5:20 for v-discs 
was dried and hydrated in a Tris150-EDTA buffer (10 mM Tris-HCl, 150 mM NaCl, 1 mM 
EDTA, pH 7.4). 3 μl of each 50 mM lipid mixture was dissolved in 50 mM sodium cholate, then 
a binary complex of Cy5-labeled syntaxin 1a with SNAP-25 or Cy3-labeled VAMP-2 with or 
without syt1 was added. Finally, apoA1 proteins were added to each solubilized mixture. The 
molar ratio of lipid, SNARE(s), and apoA1 was 160:0.5:2 while the ratio of VAMP-2 and syt1 
was 1:1. Self-assembly of SNARE-incorporated nanodiscs was initiated by rapid removal of 
sodium cholate through treating the sample with 50% (w/v) SM-2 Bio-Beads. The t- or v-discs 
were then purified through gel-filtration using a Superdex
TM
200 GL 10/30 column (Amersham 
Biosciences)
36
. 
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4.5.6 Single-molecule lipid mixing assay 
T-vesicles with a final lipid concentration of 1 μM were flown into the imaging cell and 
immobilized on a PEG-coated surface through avidin-to-biotin conjugation. After two rounds of 
washing with a 200 l dialysis buffer, 1 μM cpx1 (or various cpx1 fragments) or equal volume of 
dialysis buffer were injected into the cell and incubated for 10 minutes at room temperature. 
Then the v-vesicles (1 ~ 3 μM) with or without 1 μM cpx1 were injected into the flow chamber 
and incubated for another 30 min at 37 C to allow SNARE-mediated lipid mixing to occur. 
After washing off free v-vesicles using the dialysis buffer, emission of each fluorophore intensity 
by an incoming 532 nm laser source was recorded from a random imaging area (4590 m2). 
The first 80 frames were recorded by the 532 nm laser source to acquire the FRET efficiency and 
the following 10 frames were recorded using 635 nm to specifically discriminate bound v-
vesicles from t-vesicles.  
 
4.5.7 FRET acquisition from the trans-SNAREpin between nanodiscs 
After coating the quartz surface with a solution of methoxy-polyethylene glycol (mPEG) 
and biotin-PEG molecules (100:1), the quartz slide was assembled into a flow chamber and 
coated with streptavidin (0.2 mg
 
ml
-1
). 100~200 nM t-discs (containing Cy5-labeled sytnaxin 1a 
on the position of I203C or V241C) were immobilized on the surface, then 1 μM cpx1 (or 
various cpx1 fragmnets) or an equal volume of buffer were flown in and the sample was 
incubated for 10 min at room temperature. A five-time molar excess of v-discs (containing Cy3-
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labeled VAMP2 on the position of Q33C or A72C without or with syt1) with 1 μM cpx1 or equal 
volume of buffer was then added to the imaging chamber and the sample was incubated for 25 
min at room temperature to allow for trans-SNAREpin formation. A 532 nm wavelength laser 
was used to excite the donor fluorophore (Cy3) and obtain the emission intensities of donor only 
or the acceptor (Cy5) excited by the emission wavelength of the donor when two fluorophores 
are in close proximity. All TIR experiments were performed at room temperature in the presence 
of an oxygen scavenger system (0.4 % (w/v) using glucose (Sigma), 4 mM Trolox (Calbiochem), 
1 mg/ml glucose oxidase (Sigma), and 0.04 mg/ml catalase (Calbiochem)) in a Tris150-EDTA 
buffer. The smFRET measurements were carried out on a prism-type TIR setup based on an 
inverted microscope (IX71, Olympus) with laser exposure time of 200 ms. Each Cy3 and Cy5 
fluorescence signal from the chamber was collected by a water immersion lens (UPlanSApo 
60x/1.20w, Olympus) and separated by a dichroic mirror (T660lpxr, chroma) with a threshold at 
a 635 nm wavelength. The two separated signals were then transferred to separate images on an 
electron-multiplying charged-coupled device camera (iXon DU897E, Andor Technology) as 
donor and acceptor signals, respectively. FRET efficiencies (E) were obtained using 
  
  
(     )
 
where IA and ID are the acceptor and donor fluorescence intensities. 
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4.5.8 Content mixing assay 
The unlabeled t-vesicles (125 μM) were immobilized on the PEG-coated surface using 
avidin-to-biotin conjugation. Following several rounds of washing with 200 μL of dialysis buffer, 
the v-vesicles encapsulating 20 mM SRB (10 μM) with 2 uM cpx1 (or various cpx1 fragments) 
or equal amount of dialysis buffer were injected into the flow chamber and incubated for 10 min 
at room temperature to allow vesicle-vesicle docking. After washing out the unbound v-vesicles 
with a dialysis buffer containing 1mM EDTA, an additional 20 min of incubation was used to 
allow spontaneous content mixing. Using the motorized syringe pump, 500 μM Ca2+ was 
injected into the flow cell to produce vesicle pore opening while the trace of SRB intensity, 
excited by a 532 nm wavelength laser source, was recorded. A stepwise jump of de-quenched 
fluorescence SRB intensity was counted when a fusion pore was formed
34,42
. The details of TIR 
fluorescence-microscope imaging and single molecule data analysis have been reported in our 
previous work
43
.  
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4.7 Figures and Legends  
 
 
Figure 1) Cpx1 increases Ca
2+
 triggered content mixing efficiency. 
(a) Schematic diagram of the in vitro content mixing setup. T-vesicles carrying the binary 
complex of syntaxin-1a/SNAP-25 were immobilized on the flow cell by the conjugation of 
streptavidin (purple, cross-shaped) and biotin (yellow square). The concentration dependent self-
quenching fluorophore, sulforhodamine B (dark purple), in the v-vesicle emits increased 
intensity (light orange) when it is diluted in larger volume by opening a pore with the 
immobilized empty t-vesicle. (b) Quantitative comparison of cumulative time content mixing 
percentage of the total docked population in the presence (red) or absence of cpx1 (black). 
  
a                b
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Figure 2) Effect of cpx1 on the conformation of the trans-SNAREpin detected by smFRET. 
(a) Purified cpx1 fragments, which truncate specific regions. Full-length cpx1 contains; 
N-terminal region (Nt, red), accessory a helix (accH, white), central a helix (cntH, yellow), and 
C-terminal region (Ct, broken green) while the other truncated versions miss one or two distinct 
parts. (b) smFRET setup for transSNAREpin conformation study using fluorescent dye-labeled 
syntaxin-1a and VAMP-2. I203C or V241C of syntaxin-1a was labeled with Cy5 (light blue saw-
tooth circle) and Q33C or A72C of VAMP-2 was labeled with Cy3 (light blue saw-tooth circle). 
The Habc domain (white) of syntaxin 1a is depicted broken to indicate the longer length than the 
SNARE motif (red).  The t-discs carrying Cy5-labeled syntaxin-1a (red and white) and SNAP-25 
a                b                
c
                
d
e                
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(green) was immobilized on the quartz surface through biotin (yellow square) and streptavidin 
(purple, cross-shaped) conjugation and then allowed to interact and form the trans-SNAREpin 
with the v-discs carrying Cy3-labeled VAMP-2 (blue) with or without syt1 (brown). (c) FRET 
distribution of trans-SNAREpin at the N- (left) and C-terminal part (right) in the presence of 
syt1 (top) and additional cpx1 (bottom). (d) FRET distribution of CC pair in the presence of cpx1 
fragments; cpx27-134, cpx41-134, and cpx1-75. (e) Percentage of paired v-disc populations with 
immobilized t-discs in the presence of cpx1 fragments. 
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Figure 3) Effect of cpx1 fragment on SNARE-mediated single vesicle mixing assay. 
(a) Schematic diagram of the single-vesicle docking and lipid mixing assay. T-vesicles 
reconstituted with syntaxin-1a/SNAP-25 were immobilized on the surface of the flow cell via the 
conjugation of streptavidin (purple, crossed shape) and biotin (yellow square). V-vesicles 
reconstituted with VAMP-2 or VAMP-2 together with syt1 (VAMP2:syt1=1:1) were flown into 
the flow cell with or without 1 μM cpx1 to allow docking and lipid mixing event. (b) FRET 
distribution of SNARE-mediated single lipid mixing assay excluding (top panel) or including 
syt1 (bottom panel) in v-vesicles. V-vesicle incorporated syt1 itself was able to enhance lipid 
a b             
c
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mixing efficiency (left panel). In the presence of cpx1, lipid mixing events were accelerated 
independent of syt1 presence (right panel). (c) N-terminally truncated cpx1 fragments (cpx27-134 
and cpx41-134) increased lipid mixing as much as full-length cpx1 whereas C-terminally truncated 
cpx1 (cpx1-75) showed no effect on the mixing process. 
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Figure 4) Effect of specific region truncated cpx1 on the Ca
2+
 triggered content mixing 
efficiency. 
(a) Cumulative time content mixing percentage of the total docked populations in the 
presence of various cpx1 fragment versions.  N-terminally truncated cpx27-134 and cpx41-134 did 
not affect the efficiency of fusion pore opening while full-length cpx1 and C-terminally 
truncated cpx1-75 enhanced it. (b) The normalized docking populations of the v-vesicles to the 
immobilized t-vesicles in the presence of various cpx1 fragments. The full-length cpx1 and N-
terminally truncated fragments (cpx27-134 and cpx41-134) increased docking probability while C-
terminally truncated cpx1-75 reduced it. 
  
a                b                
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4.8 Supporting Information 
Content: Supplementary Figure and Legends S1-S2 
 
 
Figure S1) Effect of cpx1 on the SNAREpin formation independent of syt1. 
FRET distribution of trans-SNAREpin between nanodiscs without syt1 in the absence (a) 
or presence of 1 uM cpx1 (b).   
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Figure S2) Effect of cpx1 fragments on the docking population of v-vesicles to the 
immobilized t-vesicles. 
The averaged numbers (from three different experiment sets) of docked v-vesicles on the 
immobilized t-vesicles indicate the increased binding affinity between two vesicles by full-length 
cpx1 and N-terminally truncated cpx1 fragments (cpx27-134 and cpx41-134) and decreased binding 
by C-terminal truncated cpx1-75. 
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CHAPTER 5: GENERAL SUMMARY 
 
5.1 General conclusion 
It has been widely accepted that SNARE proteins are the minimal machinery required to 
merge opposing membranes and release contents from one site to the other
1,2
. In neuroexocytosis, 
SNAREs form energetically a stable four-helix complex contributing one helix each from 
syntaxin-1a and VAMP-2 and two helices from SNAP-25. The force generated by the complex 
formation is believed to overcome electrostatic repulsion between apposed membranes and 
ultimately fuse them into a single layer
3,4
. Conventional lipid-mixing experiments have proven 
that SNAREs are fusogenic molecules
5
, but fusion events in physiology must be properly 
controlled to transfer neuro-signals at just the right time. Although isolated SNAREs 
spontaneously form the extended cis-SNARE complex, there is an intermediate complex state, 
the so-called trans-SNAREpin conformation, when VAMP-2 and syntaxin-1a have been 
anchored to each membrane
6-8
. Presynaptic regulatory proteins, mainly syt1, Munc18-1/Munc13, 
and cpx1 play the role of shifting the equilibrium
9
.  
Through this dissertation we have paved the way for understanding the structure 
information of trans-SNAREpin sandwiched in nanodiscs
8
. Furthermore, this new platform, 
together with the vesicle-vesicle lipid mixing and content release assay in a single molecular 
level, allowed examination of the cooperative role of presynaptic regulatory proteins during 
SNARE-mediated membrane fusion. 
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trans-SNAREpin has been investigated for decades but the isolation of membrane-
anchored trans-SNAREpin complexes was not possible because of difficulty of sample 
preparation. Recently, Gao et al. and Min et al. contributed knowledge of the structure 
information of trans-SNAREpin using external force, but crucial components, lipid membranes, 
were not involved in those investigations. We assembled the intermediated trans-SNAREpin 
anchoring each transmembrane domain of VAMP-2 and syntaxin-1a to opposing nanodiscs
8
. 
Unpaired electron spins labeled at the motif region of VAMP-2 suggested through the EPR 
experiment that the conserved ionic layer was the breaking point of trans-SNAREpin. 
Furthermore, the study of fluorescence-labeled VAMP-2 and syntaxin-1a at the N- and C-
terminal SNARE motifs with smFRET convinced us that there were multiple conformations of 
trans-SNAREpin. 
By recruiting trans-SNAREpin trapped in nanodiscs along with well-developed vesicle-
vesicle lipid and content mixing assays, we explored the role of the presynaptic regulatory 
proteins syt1, Munc18-1, and cpx1
10,11
. Early in the evolution of the process, Munc18-1 
expedited a SNARE-mediated membrane-fusion progress, probably by stabilization of four-
helical SNARE complexes
12-15
. This conserved acceleratory function of Munc18-1 was 
maintained in our investigation using a SNARE-mediated lipid-mixing assay. Additionally, 
fluorescence-labeled trans-SNAREpin revealed that Munc18-1 also aided full SNARE complex 
formation. Intriguingly, however, these effects of Munc18-1 disappeared in the presence of syt1, 
which also interacts with SNARE complex
16-18
. Therefore, content-mixing events, indicating the 
final step of exocytosis, were not affected by Munc18-1 when syt1 was concurrently presented. 
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We concluded that Munc18-1 was defeated by syt1 and lost its place in the SNARE-functioning 
zone. 
Our next interesting activity regarding the regulatory system for neuroexocytosis was 
replenishment of Munc18-1 as a supporter of SNARE assembly and fusion event. Without the 
calcium influx, cpx1 hastened core SNARE complex formation and lipid mixing in the presence 
or absence of syt1 without opening a pore between two membranes. We hypothesized that the 
hemi-fused membrane opened a pore and experienced content mixing upon arrival of calcium 
with the support of cpx1. Truncated cpx1 fragments in these investigations revealed that cntH 
and Ct of cpx1 were required to assemble the robust core SNARE complex and also to 
potentially form the hemi-fusion state
19
. Fascinatingly, N-terminally truncated cpx1 fragments 
did not increase the spontaneous content-mixing events although they maintained hypothesized 
hemi-fusion. Only full-length cpx1 or C-terminally truncated cpx1 boosted up the content-
mixing probability. The results led us to visualize the role of cpx1 Nt as an active assistant for 
the pore-opening process initiated by syt1 and calcium. 
As the consequence of the evolution in SNARE-mediated neurotransmitter release toward 
explicit transmission, synaptic vesicles recruited precise regulation systems, including syt1, 
Munc18-1, and cpx1. Because the preference of Munc18-1 is to grab the four-helical bundle, it 
binds to closed syntaxin-1a or stabilized ternary SNARE complex. The role of Munc18-1 in 
neurons might be the isolation of closed syntaxin-1a from SNAP-25. Munc13 will be included to 
release Munc18-1 and initiate the binary complex formation
15
. Cpx1 assumes the role of 
Munc18-1 as a fastener of the SNARE complex in the presence of syt1, thereby producing a 
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hemi-fused membrane until the Ca
2+
 influx. At the required instant, the local concentration of 
Ca
2+
 is increased by uptake via Ca
2+
 channels then leads the conformational change of syt1 and 
initiates fully-extended SNARE complex formation to open a pore. The final stage is promoted 
by Nt of cpx1. 
In the hemi-fused membrane state, the uncomplexed parts of SNAREs are the membrane-
proximal and transmembrane region of each VAMP-2 and syntaxin-1a. The last-minute event in 
pore formation is the assembly of these two C-terminal parts, and we anticipate that Nt of cpx1 
scaffolds this final event. 
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